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(S ta f f  Edi tor :  Cather ine M. LeBlanc) 
*In June 1964, t h e  NRP B u l l e t i n  (Vol. 2 ,  No. 3 ,  Pp. 77- 
144)  publ i shed  a c r i t i ca l  survey of s t u d i e s  i n  t h e  l i t e r a t u r e  
t h a t  c o r r e l a t e  s p e c i f i c  l o s s  o r  absence of b ra in  t i s s u e  w i t h  
memory d e f i c i t .  Since demand f o r  t h i s  survey f a r  exceeded 
supply - it has been o u t  of p r i n t  f o r  w e l l  over a year  - 
w e  decided t o  pub l i sh  an updated and re-edi ted vers ion  t h a t  
would inc lude  new m a t e r i a l  publ ished during t h e  two yea r s  
s i n c e  t h e  f i r s t  e d i t i o n .  
Accordingly,  D r .  Ojemann, though no longer a member of 
t h e  NRP Res ident  S c i e n t i s t  group, agreed t o  undertake t h e  re- 
v i s i o n  and updat ing of t h i s  review which had such g r e a t  prac-  
t i ca l  and t h e o r e t i c a l  i n t e r e s t  f o r  our i n t e r d i s c i p l i n a r y  audi-  
ence i n  i t s  e a r l i e r  form. 
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Figure  1. Cut-away pe r spec t ive  drawing of a human b r a i n ,  show- - -  
i n g  t h e  spa t ia l  r e l a t i o n s h i p s  of most of t h e  r eg ions  and s t r u c -  
t u r e s  thought t o  be r e l a t e d  t o  gene ra l  memory func t ion .  (The 
putamen i s  shown on ly  a s  a landmark f o r  r e a d e r s  f a m i l i a r  w i t h  
t h e  b r a i n . )  [Ojemann - Melnechuk] 
I -  
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, -  INTRODUCTION 
C e r t a i n  s p e c i f i c  areas of t h e  human b r a i n  are known t o  
be important  t o  mechanisms i n  t h e  recording,  s to rage  and re- 
t r i e v a l  of in format ion . ( l -g)  Th i s  r epor t  i s  a c r i t i c a l  sur-  
vey of t h e  l i t e r a t u r e  t h a t  c o r r e l a t e s  a s p e c i f i c  l o s s  of b r a i n  
t i s s u e ,  r e s u l t i n g  from s u r g i c a l  removal, d i s e a s e  o r  congen i t a l  
absence,  w i th  the  d e t a i l s  of t h e  memory d e f i c i t ,  o r  l a c k  of 
d e f i c i t ,  recorded f o r  each case. Some of t h e  l i t e r a t u r e ,  how- 
e v e r ,  i s  of l i m i t e d  va lue ,  s ince  i n  some cases gene ra l  t e r m s  
(1) Jasper, H . ,  G l O O P ,  P. and Milner ,  B. (1956) : Hiqher 
func t ions  of t h e  nervous system. Ann. Rev. Physiol .  18:359- 
386 
(2 )  Adams, R.D. (1959) : Concerning c e r t a i n  psychological  
p r i n c i p l e s  which have been der ived  from c l in ico-pa thologic  
s tudy .  Trans.  & Stud ies  College of Physicians of Ph i l a .  27 (I)  : 
1-11. 
(3)  V ic to r ,  M . ,  Angevine, J . B . ,  J r . ,  Mancall, E.L. and 
F i s h e r ,  C.M. (1961): Memory l o s s  wi th  l e s i o n s  of hippocampal 
formation.  Arch. Neurol. 5:26-45. 
(4)  B r i e r l e y ,  J.B. (1961) : Clin ico-pa thologica l  c o r r e l a t i o n s  
i n  amnesia. Gerontol .  C l i n i c a  3:97-109. 
(5)  Whit ty ,  C.W.M. (1962) : The neurological  b a s i s  of memory. 
- In:  Modern Trends i n  Neurology. Wil l iams,  D . ,  ed.  Washington: 
But terworth,  Pp. 314-335. 
(6)  Barb ize t ,  J. (1963):  Defect of memorizing of hippocam- 
p a l  - mammillary o r i g i n :  A review. J.  Neurol. Neurosurq. 
Psychia t .  26:127-135. 
(7)  Drachman, D.A. and. Ommaga, A.K. (1964): Memory and t h e  
hippocampal complex. Arch. Neurol. 10:411-425. 
(8) Adams, R.D. ,  C o l l i n s ,  G.H. and Victor ,  M. (1961):  
Troubles  de l a  mgmoire e t  de l ' a p p r e n t i s s a g e  chez l'homme. 
Leurs  r e l a t i o n s  avec des  l g s i o n s  des  lobes  temporaux e t  du 
diencgphale .  In: Physiologie  de L'Hippocampe. (Colloques I n t e r -  
na t ionaux du Centre  Nat ional  de l a  Recherche S c i e n t i f i q u e .  
No. 107.)  Paris:C.N.R.S. Pp. 273-295. 
(9) P ie rcy ,  M. (1964): The e f f e c t s  of ce reb ra l  l e s i o n s  on 
i n t e l l e c t u a l  funct ion:  A review of c u r r e n t  research t r ends .  
B r i t .  J. Psychia t .  110:310-352. 
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Figure  2 .  Schematic diagram of human b r a i n  s t r u c t u r e s  and 
connec t ions  thought t o  be r e l a t e d  t o  gene ra l  memory func t ion .  
Coverage i n  t h e  t e x t  beg ins  wi th  t h e  medial temporal lobe  and 
gene ra l ly  fo l lows  t h e  cour se  of t h e  outflow c i r c u i t  from t h e  
hippocampus as  shown below. [ Ojemann - Melnechuk] 
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are used without  q u a l i f i c a t i o n  t o  descr ibe  t h e  memory d e f i c i t ,  
and i n  o t h e r  c a s e s  t h e  s p e c i f i c  t e s t s  u t i l i z e d  i n  determining 
a l a c k  of memory lo s s  are not  recorded.  W e  can  have abso lu te  
proof of t h e  exac t  boundaries  of t he  l e s i o n s  only  i n  those  
c a s e s  where d i r e c t  examination of t h e  b ra in  i s  poss ib l e ;  s t i l l ,  
l o c a l i z e d  s u r g i c a l  l e s i o n s  can g ive  u s  valuable  information.  
Th i s  r e p o r t  i s  intended t o  be an e a s i l y  a c c e s s i b l e  sum- 
mary of t h i s  in format ion ,  t oge the r  w i t h  an appropr i a t e  b ib l iog -  
raphy f o r  use by a l l  s c i e n t i s t s ,  p a r t i c u l a r l y  those  wi th  non- 
medical backgrounds who a r e  i n t e r e s t e d  i n  t h i s  f i e l d .  W e  hope 
t h a t  new ques t ions  may be provoked and a reas  of i n v e s t i g a t i o n  
synthes ized  o r  guided i n  t h e  l i g h t  of the  known r e l a t i o n s h i p s  
compiled here .  
The r eg ions  of t h e  b r a i n  thought  t o  be m o s t  important 
i n  gene ra l  memory func t ion  a r e  shown i n  Fig.  1. W e  begin t h e  
d i scuss ion  wi th  t h e  hippocampal reg ion  and  ad jacen t  s t r u c t u r e s  
because of t h e  emphasis placed on t h i s  region i n  r e c e n t  yea r s  
and i t s  r epor t ed  r e l a t i o n s h i p s  t o  memory func t ion .  The anatomic 
pathway of t h e  major outf low from t h e  hippocampus w i l l  be f o l -  
lowed (see F ig .  2 ) ,  and then  a t t e n t i o n  w i l l  be g iven  t o  t h e  
remaining c o r t i c a l  reg ions .  Each l e s i o n  w i l l  be i l l u s t r a t e d  
by an anatomic drawing. 
I t  has  been s t a t e d  by Adams(8) t h a t  " t h e  neocortex it- 
self i s  involved i n  t h e  mechanisms of a l l  s p e c i a l  aud i to ry ,  
v i s u a l ,  t a c t i l e ,  and o t h e r  l e a r n i n g  and memories a s  w e l l  as 
t h o s e  f o r  words, mathematical f i g u r e s ,  e tc . ;  f o r  l e s i o n s  here  
a b o l i s h  s p e c i f i c  memories and prevent  r e l ea rn ing  of t h a t  type  
of m a t e r i a l . "  Brain damage a s s o c i a t e d  wi th  aphas i a ,  agnosia  
and a p r a x i a  has  been t h e  s u b j e c t  of a number of reviews (see 
Nie l sen ( l0 ) ) .  Lesions caus ing  these  d i so rde r s  do involve  t h e s e  
s p e c i a l  t y p e s  of memory func t ion  bu t  do not a l t e r  memory as  
a whole and w i l l  no t  be cons idered  i n  t h i s  review. 
Changes i n  memory w i l l  be descr ibed  i n  t h r e e  gene ra l  
c a t e g o r i e s :  F i r s t ,  a l o s s  of a b i l i t y  t o  s to re  r e c e n t  memory, 
as measured by i n a b i l i t y  t o  l e a r n  o r  record ongoing day-to- 
day even t s .  Second, amnesia f o r  even t s  immediately p r i o r  t o  
t h e  loss of b r a i n  t i s s u e ;  t h i s  per iod  may vary from less  than  
a day t o  s e v e r a l  months. Thi rd ,  memory f o r  even t s  from t h e  
d i s t a n t  p a s t ,  t h a t  i s  s e v e r a l  yea r s  be fo re  the  l e s i o n .  Changes 
( l o )  N ie l sen ,  J . M .  (1962) : Agnosias, ap rax ia s ,  speech and 
aphas i a .  I n :  C l i n i c a l  Neuroloqy. Baker, A.B.,  ed.  New York: 
Harper .  Pp. 433-459. 
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i n  a f f e c t  w i l l  a l s o  be i n d i c a t e d ,  because t h i s  a spec t  may be 
an i n t e g r a l  p a r t  of t h e  memory mechanism o r  may a l te r  t h e  
t e s t i n g  of memory func t ion .  L e w i s  (11) has  s t a t e d  t h a t  "closer 
examination of f a l s e  memories sugges ts  t h a t  much of what i s  
remembered and even more of what i s  f o r g o t t e n  depends on 
emotional fo rces .  " 
The r e s u l t s  of psychological  tes ts  w i l l  be presented  
when a v a i l a b l e .  Desc r ip t ions  of t h e  va r ious  t es t s  used are 
given i n  t h e  Appendix. To e v a l u a t e  immediate-memory measure- 
ments by psychological  t es t s  i s  complicated i n  t h a t  t h e  tes ts  
vary wi th  r e spec t  t o  t h e  na tu re  of t h e  c o n t e n t ,  t h e  sensory 
modal i ty  c a r r y i n g  t h e  tes t  s t i m u l i ,  t h e  use  of recall o r  rec- 
ogn i t ion  a s  t h e  measure, and t h e  type  of response scored.  
Hei lbrun(12)  a t tempted t o  determine t h e  e f f e c t  on 
memory t e s t  r e s u l t s  of p a t i e n t s '  l o s s  of ve rba l  s k i l l  fol low- 
i n g  l e f t  hemisphere i n j u r y  and loss i n  s p a t i a l  s k i l l  fo l lowing  
r i g h t  hemisphere i n j u r y .  Caut ion w a s  i n d i c a t e d  i n  drawing 
conclus ions  about  a p a t i e n t ' s  memory func t ion  from a s i n g l e  
type  of t e s t .  However, f o r  a l a r g e  group of "b ra in  damage" 
p a t i e n t s ,  tes ts  i n d i c a t e d  t h a t  d i f f e r e n t i a l  impairment i n  
verba l  and s p a t i a l  t a s k s  d i d  not  produce s u b s t a n t i a l  specific 
d e c l i n e  i n  memory. 
I. MEDIAL TEMPORAL LOBE 
A. Bila te ra l  I n f a r c t i o n  
The f i r s t  r e p o r t  t o  a s s o c i a t e  a memory d i s tu rbance  i n  
t h e  human being* wi th  an a l t e r a t i o n  i n  temporal  lobe  s t r u c t u r e  
* I n  1888 Brown and Scha fe r (13 )  desc r ibed  an appa ren t  d i s -  
turbance of memory i n  monkeys a f t e r  t h e  p a r t i a l  or t o t a l  re- 
moval of  bo th  lobes. 
(11) L e w i s ,  A. (1961) : Amnesic syndromes. Proc. ROY. SOC. 
- Med. 54:955-961. 
( 1 2 )  Hei lbrun,  A.B . ,  Jr. (1960): S p e c i f i c i t y  of immediate 
memory func t ion  a s s o c i a t e d  w i t h  cerebral cor tex damage. 2. - Ment. Sc i .  106:241-245. 
(13) Brown, S. and Schtlfer,  E.A. (1888): An i n v e s t i g a t i o n  
i n t o  t h e  func t ions  o f  t h e  o c c i p i t a l  and temporal  lobes of  t h e  
monkey's b r a i n .  Phi los .  Trans. ROY. SOC. (London): 179:303-327. 
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I -  w a s  by von Bechterew (14) i n  1900. T h i s  was a b r i e f  summary of 
a p a t i e n t  who had shown an ex t r ao rd ina ry  degree of memory d i s -  
tu rbance ,  as w e l l  as cons iderable  apa thy ,  f o r  many years .  Ex- 
amination of t he  b r a i n  revea led  b i l a t e r a l  so f t en ing  of t h e  
c o r t e x  and underlying s t r u c t u r e s  of t h e  medial temporal area. 
I n  1952 G l e e s  and G r i f f i t h ( 1 5 )  repor ted  a c a s e  wi th  a 
severe  r e t e n t i v e  memory de fec t .  V ic to r  and c o - ~ o r k e r s ( ~ )  sum- 
marized t h i s  case: "They descr ibed  t h e  case of a 58-year-old 
woman who w a s  h o s p i t a l i z e d  i n  a s t a t e  of d i s o r i e n t a t i o n  and 
a g i t a t i o n ,  and who showed a marked d isorder  of memory, more 
profound f o r  r ecen t  even t s  than  f o r  those  of t h e  remote p a s t .  
Two months a f t e r  admission she lapsed  i n t o  an  automatic and 
vege ta t ive  way of l i f e ,  i n  which she w a s  q u i e t  and withdrawn. 
The impairment of r e c e n t  and remote memory w a s  s a i d  t o  progress  
u n t i l  her  dea th  15  yea r s  l a te r .  The p a t i e n t ' s  mental s ta te  
p r i o r  t o  t h e  onse t  of her  i l l n e s s  w a s  not recorded,  nor w a s  
t h e  d i so rde r  i n  cogn i t ive  func t ion  c l e a r l y  de l inea ted .  Path- 
o l o g i c a l l y ,  d e s t r u c t i v e  b i l a t e r a l l y  symmetrical c y s t - l i k e  
l e s i o n s  l i m i t e d  t o  t h e  hippocampal and fusiform g y r i  w e r e  de- 
s c r ibed .  The number of f i b e r s  i n  t h e  fo rn ix  w a s  markedly re- 
duced, b u t  t h e  mammillary bodies  w e r e  considered normal." 
B. B i l a t e ra l  Surg ica l  Resect ion 
The medial temporal-lobe l e s i o n s  t o  be descr ibed  below 
are diagrammed i n  F ig .  3. 
1. Uncus, Amyqdala, Anter ior  Two-Thirds of Hippocampus 
(8 c m .  from T i p  of Temporal Lobe) 
I n  1954, Scov i l l e (16 )  b r i e f l y  repor ted  two cases i n  which 
t h i s  r e s e c t i o n  caused "very grave r ecen t  memory l o s s .  " The 
d e t a i l e d  r e p o r t  of t hese  d e f i c i t s  w a s  presented by S c o v i l l e  
(14) von Bechterew, W.V. (1900) : Demonstration e i n e s  Gehirns  
m i t  Zers tgrung de r  vorderen und inneren  Thei le  der  Hirnr inde 
b e i d e r  Schlsfenlappen.  Neurol. Cbl. 19:990-991. 
(15) G l e e s ,  P. and G r i f f i t h ,  H.B. (1952): Bi la te ra l  des t ruc -  
t i o n  of t h e  hippocampus (cornu ammonis) i n  a case of dementia.  
Mschr. Psychia t .  Neurol. 129:193-204. 
(16) S c o v i l l e ,  W.B. (1954): The limbic lobe i n  man. 2. 
Neurosurq. 11:64-66. 
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Figure  3 .  
lobe. [Ojemann - Melnechuk] 
Schematic diagram of l e s i o n s  i n  t h e  medial temporal 
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and Milner (17) i n  1957 and l a t e r  amplif ied by Milner .  (18) No 
l a t e r a l  temporal o r  f r o n t a l  c o r t e x  was r e sec t ed ,  s ince  the  
s u r g i c a l  procedure was t o  elevate t h e  f r o n t a l  l obes  t o  expose 
t h e  medial temporal areas. 
C a s e  1. A 29-year-old m a l e  h igh school graduate  wi th  
i n t r a c t a b l e  se i zu re .  The  EEG showed d i f f u s e  abnormali ty .  
P r i o r  t o  ope ra t ion  t h e r e  w a s  no memory d e f i c i t  and no se i zu re  
a u r a .  Af t e r  surgery t h e  fol lowing d e f i c i t s  w e r e  permanent: 
(1) Recording of ongoing events :  He could  recall  
nothing of day-to-day events .  
(a) Examples i n  a c t i v i t i e s :  H e  could not  keep 
i n  mind where o b j e c t s  i n  con t inua l  use were kep t ;  would do 
t h e  s a m e  puzz les  or  read  t h e  same magazine r epea ted ly  without  
showing any evidence of l e a r n i n g ;  t h i r t y  minutes a f t e r  lunch 
could  not remember e a t i n g ;  could not  l e a r n  a new home address  
or f i n d  h i s  way t o  a new house. 
(b )  Examples i n  s p e c i f i c  tests: On t h e  Wechsler 
Memory Scale*,  immediate recall f e l l  far below average.  On 
" a s s o c i a t e  l ea rn ing , '  he scored zero  on hard words and very 
low on easy  words. He f a i l e d  t o  improve with p r a c t i c e ,  and a 
few minutes  a f t e r  t h e  test he had no memory of it. I f  not  d i s -  
t u rbed ,  he could r e t a i n  a t h ree - f igu re  number o r  a p a i r  of 
un re l a t ed  words f o r  s eve ra l  minutes;  bu t  as  soon a s  h i s  a t t e n -  
t i o n  was d i v e r t e d  t h e r e  w a s  no r e c o l l e c t i o n  of t h e  f i g u r e s  o r  
words. For example, he w a s  a b l e  t o  r e t a i n  t h e  number 584 f o r  
a t  l eas t  1 5  minutes i n  t h e  fol lowing way: " I t ' s  easy.  You 
j u s t  remember 8. You s e e ,  5, 8 and 4 add t o  17. You remember 
8,  s u b t r a c t  it from 17 ,  and it l e a v e s  9. Divide 9 i n  ha l f  and 
you g e t  5 and 4 ,  and t h e r e  you a r e .  584. Easy." Psychologi- 
c a l  tests revea led  good mot iva t ion ,  and no d e f i c i t s  of per-  
c e p t i o n ,  abstract th ink ing  o r  reasoning.  IQ = 1 1 2 .  
( 2 )  Amnesia: H e  could not  r e c a l l  any po r t ion  of t h e  
pe r iod  of h o s p i t a l i z a t i o n  p r i o r  t o  operat ion;  could  not  recog- 
*See Appendix f o r  a d e s c r i p t i o n  of t h i s  t e s t .  
( 1 7 )  S c o v i l l e ,  W.B. ana Milner ,  B. (1957):  Loss of r ecen t  
memory a f t e r  b i l a t e r a l  hippocampal l e s i o n s .  J. Neurol. Neuro- 
surq .  Psychia t .  2 O : l l - 2 1 .  
(18) Milner ,  B. (1959): The memory d e f e c t  i n  b i l a t e r a l  hippo- 
campal l e s i o n s .  NLM Psychia t .  R e s .  Rep. 11:43-52. 
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n i z e  t h e  h o s p i t a l  s t a f f ;  d id  not  remember t h e  dea th  of a favor-  . _  
i t e  unc le  t h r e e  yea r s  be fo re ;  b u t  could  r e c a l l  some minor 
even t s  t h a t  had occurred j u s t  p r i o r  t o  h i s  admission. 
( 3 )  D i s t a n t  memory: N o  impairment. 
(4)  Persona l i ty  and emotion: N o  change. 
C a s e  2 .  A 55-year-old woman, former c l e r i c a l  worker, 
w i th  manic-depressive psychosis .  P r i o r  t o  ope ra t ion ,  r e c e n t  
memory w a s  normal. There had been no s e i z u r e s .  A f t e r  opera- 
t i o n  t h e  fol lowing d e f i c i t s  w e r e  appa ren t ly  permanent: 
(1) Recording of ongoing events :  Twenty-eight months 
a f t e r  t h e  ope ra t ion  she had no memory f o r  any event  s i n c e  
surgery .  Immediate reca l l  w a s  i n a c c u r a t e ,  and delayed recal l ,  
impossible .  Vocabulary, a t t e n t i o n  and comprehension w e r e  
normal. 
( 2 )  Amnesia: She cou ld  not  recal l  t h e  one-year pe r iod  
of h o s p i t a l i z a t i o n  p r i o r  t o  ope ra t ion .  
( 3 )  D i s t a n t  memory: Probably f a i r l y  good. 
( 4 )  P e r s o n a l i t y  and emotion: "Neater and more 
even-tempered and i s  h e l d  t o  be g r e a t l y  improved." 
2 .  Uncus, Amyqdala, An te r io r  Hippocampus (5-5.5 c m .  
from T i p  of Temporal Lobe) 
Three c a s e s  w i t h  t h i s  r e s e c t i o n  w e r e  r e p o r t e d  by 
S c o v i l l e  and Milner. (17) I n  t h e  f i r s t  case, ampl i f i ed  by 
Mi lner ,  (18) t h e  memory lo s s  w a s  s i m i l a r  t o  t h a t  d e s c r i b e d  i n  
those  p a t i e n t s  w i t h  an 8 c m .  removal: so, a l though o n l y  a 
5.5 crn. r e s e c t i o n  w a s  recorded ,  it i s  p o s s i b l e  t h a t  t h e  e f f e c t s  
of t h e  s u r g i c a l  removal c o u l d  have extended f u r t h e r  p o s t e r -  
i o r l y .  
Case 1. A 47-year-old phys ic i an  w i t h  paranoid  sch izo-  
phrenia .  Apparently memory w a s  normal p r i o r  t o  o p e r a t i o n  
al though t h i s  i s  not  d e f i n i t e l y  stated. The EEG a t  o p e r a t i o n  
showed sp ik ing  b i l a t e r a l l y  from t h e  medial temporal  r eg ions .  
(1) Recording of ongoing even t s :  H e  cou ld  no t  recall  
any e v e n t s  fo l lowing  t h e  o p e r a t i o n ;  w a s  unable  t o  l e a r n  t h e  
name of t h e  h o s p i t a l  or examiner; cou ld  no t  recognize  h i s  own 
drawings. Immediate recall  w a s  poor ;  once a new t a s k  w a s  
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in t roduced ,  previous tes ts  w e r e  completely fo rgo t t en .  I Q  = 
1 2 2 .  
( 2 )  Amnesia: H e  d id  not r e c a l l  h o s p i t a l i z a t i o n  of s ix  
months p r i o r  t o  t h e  opera t ion .  
(3)  D i s t an t  memory: He could  give minute d e t a i l s  of 
e a r l y  l i f e  and medical t r a i n i n g .  
( 4 )  Persona l i ty  and emotion: Now f r i e n d l y  wi th  no 
r e t u r n  of aggress ive  behavior ,  bu t  paranoid i d e a s  continued. 
I n  C a s e s  2 and 3 ,  a p e r s i s t e n t  memory d e f e c t  w a s  pres-  
e n t ,  b u t  not  of such a severe degree.  Memory d e f i c i t s  i n  
t h r e e  a d d i t i o n a l  p a t i e n t s ,  whose opera t ions  w e r e  combined with 
a f r o n t a l  lobotomy, w e r e  s i m i l a r .  
C a s e  2 .  A 35-year-old woman wi th  paranoid schizophre- 
n i a .  The s t a t u s  of her  memory p r i o r  t o  surgery i s  not recorded. 
She had had "extens ive"  electro-shock therapy.  Three and one- 
ha l f  yea r s  a f t e r  surgery t h e r e  w a s  p e r s i s t e n t  d i f f i c u l t y  wi th  
memory. 
(1) Recording of ongoing events :  This  w a s  impaired 
b u t  no t  completely absent .  
(a) Examples of a c t i v i t i e s :  She could g ive  t h e  
address  of t h e  house where she had worked f o r  only two days 
and could  desc r ibe  t h e  fu rn i sh ings ,  although she had not  
l ea rned  t h e  name of her  employer. She could g ive  a b r i e f  
d e s c r i p t i o n  of a new doctor  who had spoken t o  her  b r i e f l y  
seve ra l  hours  be fo re ,  bu t  could recall l i t t l e  of t h e  conver- 
s a t i o n .  
(b)  Examples from psychological t e s t i n g :  
IQ = 96. Immediate recall  of s t o r i e s  was normal, b u t  go- 
i n g  on t o  t h e  next  s t o r y  w a s  enough t o  wipe o u t  most of t he  
f i r s t  s to ry .  Visual  and verba l  t es t s  showed some impairment. 
She could  not  l e a r n  unfami l ia r  word a s soc ia t ions .  
( 2 )  Amnesia: Retrograde amnesia for  t h e  e n t i r e  per iod 
of her  i l l n e s s  (over t h r e e  y e a r s ) .  
(3)  D i s t an t  memory: No eva lua t ion  repor ted .  
(4 )  Pe r sona l i ty  and emotion: Dramatic improvement i n  
he r  psychot ic  s ta te  wi th  remission of de lus ions ,  anx ie ty  and 
paranoid  behavior .  
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-- Case 3. A 44-year-old schizophrenic  woman. No comment 
is made about  memory p r i o r  t o  h e r  opera t ion .  Tes t ing  was 
repor ted  t o  be d i f f i c u l t  because she was " too  d i s t r a c t a b l e .  " 
(1) Recording of ongoing events :  Only p a r t i a l  impair-  
ment was noted. 
( a )  Examples from a c t i v i t i e s :  She knew where 
she had been working i n  t h e  h o s p i t a l  and what she  had done 
s e v e r a l  hours before .  
(b )  Examples from psychological  t e s t i n g :  D e f i c i t s  
w e r e  repor ted  t o  be t h e  same as i n  C a s e  2 .  
N o  eva lua t ion  repor ted .  
( 2 )  Amnesia 
(3 )  D i s t an t  Memory 
(4 )  Pe r sona l i ty  and Emotion 
3. Uncus, Amyqdala (4 c m .  from Tip of  Temporal Lobe) 
S c o v i l l e  and Mi lner (17)  repor ted  one case  of b i l a t e r a l  
removal of t h e  uncus and amygdala. No change i n  memory func- 
t i o n  was noted e i t h e r  i n  a c t i v i t i e s  o r  i n  d e t a i l e d  psychologi- 
c a l  tes ts .  Other r e p o r t s  of b i l a t e r a l  a b l a t i o n  of t h e  
amygdala, summarized b Terzian,  (I9) inc lude  wi l l i ams ,  ( 2 0 )  
Walker, (21) and Sawa. (y2 )  An a l t e r a t i o n  i n  gene ra l  memory 
func t ion  as p a r t  of t h e  pos tope ra t ive  c l i n i c a l  p i c t u r e  w a s  
no t  recorded. 
(19) Terzian,  H. (1958):  Observat ions of t h e  c l i n i c a l  symp- 
tomatology of b i l a t e r a l  p a r t i a l  o r  t o t a l  removal of  t h e  tempo- 
ra l  lobes i n  man. =: Temporal Lobe Epi lepsy.  Baldwin, M. and 
Bailey.  P. ,  eds .  S p r i n g f i e l d ,  Ill.: c .C.  Thomas. Pp. 510-529. 
(20) W i l l i a m s ,  J . M .  (1953) : The amygdaloid nuc leus .  A c l i n i -  
c a l  s tudy  of i t s  a b l a t i o n  and a theo ry  a s  t o  i t s  func t ion .  
Confin. Neurol. 13:202-221. 
( 2 1 )  Walker, A.E. (1953):  R e s .  Publ.  Ass.  Nerv. Ment. D i s .  
31:370-371. 
( 2 2 )  Sawa, M . ,  Ueki, Y., A r i t a ,  M. and Harada, T. (1954):  
Prel iminary r e p o r t  on t h e  amygdaloidectomy on t h e  psychot ic  
p a t i e n t s ,  with i n t e r p r e t a t i o n  of ora l -emot iona l  man i fe s t a t ion  
i n  schizophrenics .  F o l i a  Psychia t .  Neurol.  Jap.  7:309-329. 
C. S t e r o t a c t i c  Lesion: Amygdala 
S i x t y  p a t i e n t s  with temporal lobe  ep i lepsy  o r  behavior  
d i s o r d e r s ,  i n  some cases  a s soc ia t ed  wi th  mental r e t a r d a t i o n ,  
w e r e  t r e a t e d  by s t e r e o t a c t i c  d e s t r u c t i o n  of t he  amygdaloid nu- 
c l e u s  (Narabayashi and co-workers ( 2 3 ) ) .  In 2 1  of t hese  cases 
t h e  l e s i o n s  w e r e  made b i l a t e r a l l y .  No evidence of s igns  of 
t h e  Klbver-Bucy syndrome (241 5 ,  was observed inc luding  d i s t u r -  
bances i n  memory func t ions .  I t  was noted, however, t h a t  some 
observa t ions  w e r e  l imi t ed  because of p re -ex i s t ing  mental  d e f i -  
c iency i n  these  p a t i e n t s .  
D. Other Lesions 
Drachman and A r b i t  (26) compared s i x  p a t i e n t s  w i t h  mem- 
o ry  d e f e c t s  due t o  b i l a t e r a l  l e s i o n s  of the hippocampal com- 
p lexes  with a group of 20 normal p a t i e n t s .  The type and ex- 
t e n t  of the pa thologic  process  was n o t  def ined.  
“Two new behaviora l  t a s k s  w e r e  used i n  which memoranda 
of g radua l ly  inc reas ing  length  w e r e  presented.  The memoranda 
i n  t h e  f i rs t  task  cons i s t ed  of series of numbers from 5 t o  20 
d i g i t s  i n  length :  i n  the second, memoranda cons i s t ed  of series 
of l i g h t  p a t t e r n s  us ing  from 3 t o  10 p a i r s  of l i g h t s .  I n  each 
t a s k ,  t h e  s h o r t e s t  series was presented  f i r s t ,  and t h e  s u b j e c t  
a t tempted t o  r e c a l l  t h e  memorandum a f t e r  a s i n g l e  p re sen ta t ion .  
Success ive ly  longer  memoranda w e r e  then presented: t he  longes t  
memorandum r e c a l l e d  on s i n g l e  t r i a l  represented the  s u b j e c t ‘ s  
immediate memory span (IMS) f o r  t h a t  t a sk .  Longer (supra-span) 
(23) Narabayashi,  H . ,  Nagao, T., S a i t o ,  Y . ,  Yoshida, M. and 
Nagahata, M. (1963) : S t e r e o t a x i c  amygdalotomy f o r  behavior  d i s -  
o rde r s .  Arch. Neurol. 9:11-26. 
(24) Kluver,  H. and Bucy, P.C. (1939): Prel iminary ana lys i s  
of func t ions  of t he  temporal lobes  i n  monkeys. Arch. Neurol. 
Psychia t .  4 2  :979-1000. 
(25) Klilver, H.  (1951) : Funct ional  d i f f e rences  between the 
o c c i p i t a l  and temporal lobes  with s p e c i a l  re fe rence  t o  t h e  in-  
t e r r e l a t i o n s  of behavior  and e x t r a c e r e b r a l  mechanisms. In: =- 
e b r a l  Mechanisms i n  Behavior. J e f f r e s s ,  L.A., ed. New York: 
Wiley, pp. 147-182. 
(26) Drachman, D.A. and A r b i t ,  J. (1966): Is memory a mul- 
t i p l e  process?  An experimental  s tudy of p a t i e n t s  with hippo- 
campal l e s i o n s .  Neurology 16:312-313. 
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memoranda w e r e  then presented  i n  success ion ,  allowing up t o  
2 5  t r i a l s  f o r  the l ea rn ing  of each memorandum. The longes t  
series of numbers r e c a l l e d  wi th in  2 5  t r i a l s  was considered 
t h e  s u b j e c t ' s  d i g i t  s to rage  capac i ty  (DSC) ; t he  longes t  series 
of pa i r ed  l i g h t s  was the  pa i r ed  l i g h t  s to rage  capac i ty  (PLSC). 
P a t i e n t s  with hippocampal l e s i o n s  showed no impairment 
of IMS compared with normal c o n t r o l s ,  i n d i c a t i n g  t h a t  l e s i o n s  
of the  hippocampal complexes do n o t  i n t e r f e r e  with immediate 
memory mechanisms. With supra-span memoranda, however, DSC 
and PLSC w e r e  severe ly  impaired i n  the p a t i e n t s :  a l l  s i x  pa- 
t i e n t s  had lower sco res  than any of 20  normal c o n t r o l s .  Fur- 
t h e r ,  p a t i e n t s  with hippocampal l e s i o n s  f a i l e d  t o  show improve- 
ment of performance on success ive  t r i a l s ,  whi le  normals a- 
chieved h ighe r  numbers of c o r r e c t  responses  with r e p e t i t i o n . "  
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A. Surq ica l  Resection 
Adams (8) has noted t h a t  some s p e c i a l  memory d e f i c i t s  
are r e l a t e d  t o  t h e  temporal neocortex.  (See In t roduc t ion ,  
page 5 ) Milner, (27)  i n  d i scuss ion  o f  t h i s  paper,  r epor t ed  
v i s u a l  memory d e f i c i t s  fol lowing r i g h t  temporal lobectomy 
where t h e  hippocampus w a s  spared (Fig.  4 ) .  These abnormali- 
t ies  w e r e  made worse when t h e  hippocampus was added t o  t h e  
r e s e c t i o n .  D e t a i l s  of t h e s e  cases a r e  not given. 
In  four  cases  of  ex tens ive  b i l a t e r a l  a b l a t i o n  of t h e  
tempora c o r t e x  spa r ing  t h e  medial aspec t  (Fig.  4 ) ,  Bai ly  
e t  a l . ,  t19r28) d i d  n o t  observe a g ross  a l t e r a t i o n  i n  memory 
func t ion .  
P e t i t - D u t a i l l i s  e t  a l . ,  (29)  have r epor t ed  a p a t i e n t  
with f r equen t  psychomotor s e i z u r e s  and a psychot ic  syndrome. 
F i r s t  a r i g h t  a n t e r i o r  temporal lobectomy w a s  c a r r i e d  o u t  
wi th  removal of t h e  uncus. Five months l a t e r  a l e f t  lateral  
lobectomy, no t  inc luding  uncus o r  hippocampus, was performed. 
Following t h i s  second ope ra t ion  t h e r e  was confusion i n  t h e  
i n i t i a l  pos tope ra t ive  per iod;  b u t  one month l a t e r  it w a s  
apparent  t h a t  t h e r e  w a s  a r e t rog rade  amnesia f o r  a per iod  of 
months preceding t h e  h o s p i t a l i z a t i o n ,  and t h i s  was appa ren t ly  
a permanent d e f i c i t .  A t r a n s i e n t  i n a b i l i t y  t o  r e t a i n  t h e  
sense  of a phrase t h a t  he had j u s t  read c o r r e c t l y  was a l s o  
noted. 
(27)  Milner, B. (1961) :  Discussion, p. 292. In: Adams, R.D., 
e t  a l . ,  r e f .  8. 
(28 )  Baily,  P. , Green, J . R . ,  Amador, L. and Gibbs, F.A. 
(1953) :  Treatment of psychomotor states by a n t e r i o r  temporal 
lobectomy. A r e p o r t  of progress .  Res. Publ. Assoc. N e r v .  Ment. 
- D i s . 31:341-346. 
(29 )  P e t i t - D u t a i l l i s ,  D., Christophe, J., P e r t u i s e t ,  B. ,  
Dreyfus-Brisac, C.  and Blanc, C .  (1954) : Lobectomie temporale 
b i l a t e r a l e  pour e p i l e p s i e .  Evolut ion des pe r tu rba t ions  
f o n c t i o n n e l l e s  pos tope ra to i r e s .  Rev. Neurol. ( P a r i s )  91:129-133. 
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111. ENTIRE TEMPORAL LOBE 
The tempora l - lobe  l e s i o n s  t o  be descr ibed below a r e  
diagrammed i n  Fig.  5. 
A. B i la te ra l  Resection 
Terzian and O r e ( 3 0 )  repor ted  a case where each temporal 
lobe w a s  r e sec t ed  t o  a p o i n t  7 cm. from the t i p ,  i n  an at tempt  
t o  t r ea t  a s e i z u r e  and psychic d i so rde r .  I n  add i t ion  t o  t h e  
memory d e f i c i t ,  t he  p a t i e n t  showed d i s o r i e n t a t i o n ,  loss  of  
recogni t ion  of people,  a l e x i a ,  agraphia ,  increased  sexual  
a c t i v i t y  and remarkable changes i n  d i e t a r y  h a b i t s  and emo- 
t i o n a l  behavior ,  which resembled the syndrome of Kltlver and 
Bucy ( 24 25) descr ibed  i n  monkeys. 
The memory d e f i c i t  was descr ibed  as follows: "There 
was a s e r i o u s  d i so rde r  i n  h i s  memory. Not on ly  d i d  he not  
remember a t  a l l  what had r e c e n t l y  happened, he d id  no t  r e m e m -  
ber anything of h i s  pas t .  Even when w e  i n s i s t e d  on knowing 
something about h i s  house,  h i s  family,  the c i t y  he  l i v e d  i n ,  
t h e  p a t i e n t  d i d  n o t  even s e e m  t o  understand these  ques t ions ,  
as i f  t h e i r  o b j e c t  was e n t i r e l y  unknown t o  him. I t  w a s  no t  
p o s s i b l e  t o  analyze h i s  memory func t ions ,  b u t  w e  can a f f i rm 
t h a t  t h e  p a t i e n t  f e l t  completely i s o l a t e d ,  without  a p a s t  t o  
r e m e m b e r  and consequently wi thout  any f u t u r e  whatever. " Four 
years  a f t e r  opera t ion  "grave memory de fec t s  p e r s i s t ,  al though 
some improvement of f i x i n g  a t t e n t i o n  w a s  noted. " (I9) Unfor- 
t u n a t e l y ,  t h e  complexity of the  syndrome and t h e  i n a b i l i t y  t o  
do d e t a i l e d  t e s t i n g  l eave  us  i n  doubt as to  t h e  exac t  s t a t u s  
of memory func t ion .  
Terzian (I9) has d iscussed  two cases  repor ted  by 
Pa i l l a s  (31) where a b i l a t e r a l  temporal lobectomy, inc luding  
uncus and p a r t  of t h e  hippocampus, was performed f o r  ep i l epsy  
A f t e r  removal of t h e  second temporal lobe  a d is turbance  of 
memory f o r  r ecen t  events  was noted, wi th  no impairment of  
remote memory. 
(30) Terzian,  H. and O r e ,  G.D. (1955):  Syndrome of Kliiver 
and Bucy. Reproduced i n  man by b i la te ra l  removal of t h e  
temporal  lobes. Neuroloqy 5: 373-380. 
(31) P a i l l a s ,  J.E. (1952,1953): C i t e d  by Terzian,  H.,  i n  
r e f e r e n c e  19. 
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, -  A b i l a t e r a l  temporal lobectomy was performed i n  one 
case by Falconer .  (32)  The p a t i e n t  "had profound d is turbance  
of memory." D e t a i l s  of  th is  a l t e r a t i o n  i n  memory are n o t  
recorded,  and t h e  p a t i e n t  d i ed  s ix  months a f t e r  surgery  from 
s t a t u s  e p i l e p t i c u s .  
B.  U n i l a t e r a l  Resection 
Penf i e l d  and Milner ( 3 3 )  no te  that  u n i l a t e r a l  ope ra t ions  
do n o t  u s u a l l y  cause a gene ra l i zed  memory d is turbance .  A 
mild d i f f i c u l t y  i n  l ea rn ing  and r e t e n t i o n  of  verbal material  
is  seen i n  most p a t i e n t s  wi th  ep i lep togenic  l e s i o n s  of  t h e  
dominant temporal lobe p r i o r  t o  opera t ion ,  and t h i s  may be 
accentua ted  s l i g h t l y  by removal of t h e  les ion .  I n  over  80 
cases wi th  u n i l a t e r a l  p a r t i a l  temporal lobectomy inc luding  
hippocampus and hippocampal gyrus,  psychological  tests have 
f a i l e d  t o  show any gene ra l i zed  memory loss .  
S e r a f e t i n i d e s  and Falconer  ( 34) repor ted  r e s e c t i o n  of  
t h e  r i g h t  a n t e r i o r  temporal lobe  f o r  s e i zu res .  A t r a n s i e n t  
impairment i n  memory w a s  noted i n  only  two of  27 p a t i e n t s .  
Pos tope ra t ive  EEG i n  a l l  cases d i d  no t  revea l  any evidence of 
f o c a l  d i s e a s e  i n  t h e  c o n t r a l a t e r a l  temporal lobe.  I n  a series 
o f  60 p a t i e n t s  wi th  s u b t o t a l  temporal lobectomy, Baldwin (35) 
recorded s i x  cases where removal o f  one temporal lobe,  in-  
c lud ing  uncus,  amygdala and a n t e r i o r  hippocampus, w a s  associ- 
a t e d  w i t h  a t r a n s i e n t  memory d e f i c i t .  
Removal of the i n f e r i o r  non-dominant r i g h t  temporal 
lobe  (9  c m .  from temporal t i p )  was repor ted  by S c o v i l l e  and 
M i l n e r ( l 7 )  i n  a p a t i e n t  w i th  c e r e b r a l  edema fol lowing r e s e c t i o n  
(32) Falconer ,  M.A. (1955) : Treatment of temporal-lobe 
e p i l e p s y  by temporal lobectomy. A survey of f ind ings  and 
r e s u l t s .  Lancet 1:827-835. 
(33) Penf ie ld ,  W. and Milner,  B. (1958): Memory d e f i c i t  
produced by bi la teral  l e s i o n s  i n  t h e  hippocampal zone. a 
Arch. Neurol. Psychiat .  79 : 475-497. 
(34) S e r a f e t i n i d e s ,  E.A. and Falconer ,  M.A. (1962): Some 
obse rva t ions  on memory impairment a f t e r  temporal lobectomy 
f o r  ep i l epsy .  J. Neurol. Neurosurq. Psychiat .  25:251-255. 
(:5) Baldwin, M. (1956) : Modif icat ions psychiques survenant  
a p r e s  lobectomie temporale s u b t o t a l e .  Neurochirurqie 2:152-195. 
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of a brain tumor. For several weeks a disturbance of recent 
memory, similar to that noted in the bilateral medial resec- 
tions, was present: but sixteen months later the deficit had 
disappeared. This temporary loss of memory might have been 
related to disturbed function in the opposite (left) temporal 
lobe from compression and edema. Another case took a similar 
course after removal of the non-dominant temporal lobe because 
of cerebral edema associated with subarachnoid hemorrhage and 
a temporal-lobe hematoma from an aneurysm. (I6) 
Walker(36) reported a lasting memory defect in four 
patients following abolition of one temporal lobe: but 
Victor, (3) with whom I agree, thought that in only one of 
these cases could one be fairly certain that the lesion was 
confined solely to the operative area. 
In this case, (a 40-year-old housewife), the left tern- 
poral lobe was resected at 5 cm. to expose an aneurysm of the 
left internal carotid artery. There was no clinical or EEG 
evidence of damage to the opposite temporal lobe, but with 
this disease a "silent" area of infarction might be missed. 
Eleven months after the operation the patient's memory was 
characterized by inability to record ongoing events, such as 
being unable to follow a story on television and even a short 
paragraph. Memory for distant events was good. 
Kimura (37) noted that patients with right temporal 
resection did not recognize previously presented visual 
designs nearly as well as those with left temporal removal. 
Since the ability to recognize material immediately after 
presentation is unimpaired, the defect is not perceptual. 
Meyer and Yates(38) reported on s i x  cases in which the 
dominant temporal lobe had been removed at distances of 5 cm. to 
9 cm. by Falconer to treat seizures. Immediately after the 
(36) Walker, A.E. (1957): Recent memory impairment in 
unilateral temporal lesions. Neuroloqy 78:543-552. 
(37) Kimura, D. (1963) : Right temporal-lobe damage. Per- 
ception Of unfamiliar stimuli after damage. Arch. Neurol. 
8: 264-271. 
(38) Meyer, V. and Yates, A.  J. (1955) : Intellectual changes 
following temporal lobectomy for psychomotor epilepsy. Prelimi- 
nary Communication. J. Neurol. Neurosurq. Psvchiat. 18:44-52. 
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ope ra t ion ,  tests showed s i g n i f i c a n t  impairment i n  new-word 
l ea rn ing ,  a s s o c i a t e  l ea rn ing  and r e t en t ion .*  One year  a f t e r  
t h e  ope ra t ion ,  four  p a t i e n t s  showed no d e f i c i t  on s tandard  
i n t e l l i g e n c e  tes ts ,  b u t  w e r e  " incapable  of l ea rn ing  unfami- 
l i a r  verba l -audi tory  material. 'I This d e f i c i t  i n  audi tory-  
ve rba l  l ea rn ing  a b i l i t y  w a s  confirmed i n  a l a r g e r  series of 
cases by Meyer. (39) 
Dimsdale, Logue and Piercy  (40) have r e c e n t l y  recorded 
a case where a r i g h t  temporal lobectomy, performed f o r  f o c a l  
ep i l epsy ,  r e s u l t e d  i n  a p e r s i s t e n t  memory d e f i c i t .  There 
w a s  no evidence a t  any t i m e ,  from electroencephalography,  a i r  
encephalography, angiography, o r  c l i n i c a l  examination, of 
abnormali ty  i n  t h e  oppos i t e  cerebral hemisphere. Absolute 
proof of  t h i s  f a c t ,  of course ,  cannot be determined: b u t ,  t h e  
immediate pos topera t ive  course  sugges ts  t o  m e  t h a t  t h e r e  may 
have been i n t e r f e r e n c e  wi th  func t ion  i n  the oppos i te  temporal 
lobe which could have been followed by a " s i l e n t "  permanent 
l e s i o n .  
C a s e  r epor t :  A 53-year-old woman wi th  depress ion ,  
paranoid ideas  and ep i l epsy .  A t  opera t ion ,  a 7 c m .  r e s e c t i o n  
of  the r i g h t  temporal lobe was performed. Immediately post-  
ope ra t ive ly ,  "she w a s  drowsy and with no spontaneous conver- 
s a t i o n  al though she  w a s  e a s i l y  aroused and co-operat ive and 
r e p l i e d  t o  ques t ions  and commands. She was v a r i a b l y  or ien-  
t a t e d  f o r  t i m e  b u t  u s u a l l y  c o r r e c t l y  o r i e n t a t e d  f o r  place.  
Memory w a s  no t  otherwise t e s t e d  a t  t h i s  s tage.  On t h e  t h i r d  
pos tope ra t ive  day she  w a s  py rex ia l  and complaining of 
headache. Lumbar puncture revea led  blood-stained C.S.F. 
This w a s  i n t e r p r e t e d  as a secondary haemorrhage i n t o  t h e  
c a v i t y  and w a s  t r e a t e d  wi th  repeated lumbar puncture ."  
Five weeks be fo re  surgery  I Q  w a s  100,  and memory 
The MQ w a s  q u o t i e n t  on t h e  Wechsler Memory Sca le  was 80. 
p a r t i c u l a r l y  poor i n  t h e  a reas  of learn ing  and immediate 
memory of ve rba l  ma te r i a l .  There was no d i f f i c u l t y  i n  record- 
* See Appendix f o r  a d e s c r i p t i o n  of t h i s  tes t .  
(39) Meyer, V. (1959) : Cognit ive changes fol lowing temporal 
lobectomy f o r  r e l i e f  of temporal lobe ep i lepsy .  AMA Arch. 
Neurol.  Psychia t .  81:299-309. 
(40) Dimsdale, H. ,  Logue, .V. and Piercy,  M. (1964):  A 
case o f  p e r s i s t i n g  impairment of  recent  memory fol lowing 
r i g h t  temporal lobectomy. Neuropsycholoqia 1:287-298. 
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ing ongoing events .  Three weeks a f t e r  opera t ion  IQ w a s  
102 and MQ 101. However, tests involving r e t e n t i o n  of 
ma te r i a l  over  a t i m e  span ( t e n  minutes o r  longer )  revealed 
impairment, and t h e  d e f i c i t  p e r s i s t e d  on r epea t  t e s t i n g  14 
months la ter .  There a l s o  "appeared t o  be a profound r e t r o -  
grade amnesia extending over  a per iod of years . "  
S tep ien  and S i e r p i n s k i  (41) have repor ted  an unusual 
case  of a 15-year-old g i r l  wi th  temporal-lobe s e i z u r e s .  
P r i o r  t o  ope ra t ion ,  memory t e s t i n g  us ing  aud i to ry  and v i s u a l  
compound s t i m u l i *  revea led  impairment i n  r ecen t  memory. 
"She w a s  able t o  perform t h e  t a s k  only  when t h e  i n t e r v a l  
between two s i g n a l s  was 60 seconds (normal, over  120 sec.) 
and when she  w a s  permi t ted  t o  keep h e r  a t t e n t i o n  upon it." 
There w a s  no d i f f i c u l t y  wi th  memory f o r  d i s t a n t  events .  The 
EEG showed b i la te ra l  temporal abnormali ty ,  occur r ing  i n i -  
t i a l l y  on t h e  r i g h t  s i d e .  On performing a 7 c m .  r e s e c t i o n  
of t h e  r i g h t  temporal lobe ,  s c l e r o s i s  of t h e  hippocampal 
region w a s  found. (42) Afte r  ope ra t ion ,  no abnormali ty  w a s  
found i n  tests of r e c e n t  memory. ~t w a s  assumed t h a t  t h e  
ep i l ep togen ic  focus i n  t h e  r i g h t  temporal lobe w a s  caus ing  
b i la te ra l  hippocampal d i scharge  which i n t e r f e r e d  wi th  r e c e n t  
memory func t ion .  
C .  U n i l a t e r a l  Resection wi th  EEG Evidence of Damaqe 
i n  Opposite Temporal Lobe 
Penf i e ld  and Milner (I8# 33. 43) have r epor t ed  two cases 
of p e r s i s t e n t  memory l o s s  fol lowing t h i s  u n i l a t e r a l  opera t ion .  
I t  w a s  thought t h a t  an i n i t i a l l y  unsuspected,  b u t  d e s t r u c t i v e ,  
* See Appendix f o r  a d e s c r i p t i o n  of  t h i s  tes t .  
(41) Stepien ,  L. and S i e r p i n s k i ,  S. (1960): The e f f e c t  of 
f o c a l  l e s i o n s  of t h e  b r a i n  upon a u d i t o r y  and v i s u a l  r e c e n t  
memory i n  man. J. Neurol Neurosurq. Psychia t .  23: 334-340. 
(42) Ear l e ,  K . M . ,  Baldwin, M .  and Penf i e ld ,  W.  (1953):  
Inc i su ra1  s c l e r o s i s  and temporal lobe  s e i z u r e s  produced by 
hippocampal h e r n i a t i o n  a t  b i r t h .  AMA Arch. Neurol. Psychiat .  
69: 27-42. 
(43) Milner,  B. and Penf i e ld ,  w. (1955):  The e f f e c t  o f  
hippocampal l e s i o n s  on r e c e n t  memory. Trans.  Amer. ?.Teurol. - Assn. 80:42-48. 
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l e s i o n  i n  t h e  oppos i t e  hippocampal zone, combined wi th  t h e  
ope ra t ive  r e s e c t i o n  e f f e c t i v e l y  e l imina ted  hippocampal func- 
t i o n  b i l a t e r a l l y .  The presence of t h e  second l e s i o n  was 
documented by subsequent EEG s t u d i e s .  
Case 1. A 29-year-old g love-cut te r  wi th  s e i z u r e s .  
Memory r e c a l l  was no t  p a r t  of t h e  aura .  P r i o r  t o  opera t ion  
he complained of be ing  " f o r g e t f u l "  and unable t o  reassemble 
a machine he had taken a p a r t  f o r  r e p a i r .  However, he e a s i l y  
remembered d a i l y  even t s .  According t o  memory t e s t s ,  a s soc i -  
a t e  l e a r n i n g  and v i s u a l  r e c a l l  were normal: b u t  t h e r e  was 
d e f i n i t e  i n a b i l i t y  t o  r e c a l l  two s t o r i e s  i n  t h e  l o g i c a l  
memory test .  The EEG revea led  b i l a t e r a l  abnormality,  worse 
on t h e  l e f t  s i d e .  The ope ra t ive  r e sec t ion  was 6.5 cm. along 
t h e  i n f e r i o r  temporal s u r f a c e ,  and i n c i s u r a 1  s c l e r o s i s  was 
found. (42 )  
Two and one-half years  a f t e r  opera t ion  a d e f i n i t e  
r e s i d u a l  EEG abnormali ty  was p re sen t  i n  t h e  r i g h t  temporal 
reg ion ,  and t h e  fol lowing d e f i c i t s  w e r e  noted. 
(1) Recording of ongoing events :  Severe,  b u t  no t  
a b s o l u t e  loss of r ecen t  memory with some i n d i c a t i o n  of i m -  
provement with t i m e .  
( a )  Examples from a c t i v i t i e s :  In  t h e  f i r s t  
yea r  fol lowing su rge ry  he could r e c a l l  some th ings  t h a t  
p a r t i c u l a r l y  i n t e r e s t e d  him (TV w r e s t l i n g  program and be ing  
usher  a t  b r o t h e r ' s  wedding). Two and one-half years  post-  
o p e r a t i v e  he could  r e m e m b e r  two hours  a f t e r  supper most of 
what he had eaten.  On t h e  o t h e r  hand, a f t e r  being i n t e r -  
viewed f o r  s e v e r a l  hours ,  he denied t h e  event l a t e r  t h e  s a m e  
day. H e  could n o t  l e a r n  t h e  way t o  h i s  bed. 
(b) Examples from psychological  t e s t i n g :  IQ = 
109 (p reope ra t ive ,  106). D i s t r a c t i o n  of h i s  a t t e n t i o n  was 
very  important.  H e  could r e t a i n  a t h ree - f igu re  number o r  an 
un fami l i a r  word a s s o c i a t i o n  f o r  many minutes: b u t ,  i f  d i s -  
t r a c t e d ,  he completely l o s t  t h e  memory. Immediate r e c a l l  of 
geometr ic  designs was fragmentary and had n o t  improved. De- 
layed r e c a l l  was s e v e r l y  impaired, and the re  was d i f f i c u l t y  
i n  r ecogn i t ion .  Verbal r e c a l l  was much worse than be fo re  
t h e  ope ra t ion .  
( 2 )  Amnesia: Retrograde amnesia f o r  t h e  four  years  
p r i o r  t o  ope ra t ion .  The example given was t h a t  he no longer  
recognized a g i r l  who had been a c l o s e  f r i end  f o r  e ighteen  
months b e f o r e  surgery .  
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(3) D i s t a n t  memory: I n t a c t .  N o  l o s s  of  o l d  s k i l l s .  
(4)  Pe r sona l i ty  and emotion: N o  change i n  behavior .  
At ten t ion ,  concent ra t ion  and reasoning were no t  impaired. 
Case 2 .  A 46-year-old c i v i l  engineer  wi th  s e i z u r e s .  
Five years  before  admission he had had a p a r t i a l  temporal 
lobectomy (4 c m . )  which d i d  no t  inc lude  t h e  hippocampal zone. 
There had been no d i f f i c u l t y  wi th  memory pos tope ra t ive ly .  
He re turned  t o  t h e  h o s p i t a l  because of cont inued sei-  
zures .  The EEG showed a l e f t  temporal abnormali ty  without  
t ransmission t o  t h e  r i g h t  s i d e ,  except  wi th  a metrazol- 
induced s e i z u r e .  Psychological  examination revea led  no g ross  
memory d is turbance .  A t  t h e  second opera t ion  t h e  uncus and 
hippocampus were removed. One month l a t e r  t h e  fol lowing 
d e f i c i t s  i n  memory w e r e  noted: 
(1) Recording of ongoing events :  H e  could r e c a l l  
very l i t t l e  of  what was happening around him. 
( a )  Examples i n  a c t i v i t i e s :  H e  was unable  t o  
remember whether h i s  wi fe  v i s i t e d  him on any given day; could 
no t  i d e n t i f y  members of t h e  s t a f f ;  b u t  could remember some- 
t h i n g  about what he had had t o  e a t .  
(b) Examples from psychological  t e s t i n g :  IQ 
remained a t  1 2 0 .  Memory of  ve rba l  and nonverbal m a t e r i a l  w a s  
impaired. H e  could r e p e a t  n ine  d i g i t s  forward and seven 
backward and c a r r y  o u t  complicated mental  a r i t h m e t i c  w i th  
speed and accuracy. However, a f t e r  a l a p s e  o f  f i v e  minutes  
o r  less, p a r t i c u l a r l y  i f  a t t e n t i o n  w a s  d i v e r t e d ,  he w a s  unable 
t o  reproduce four  of seven p a t t e r n s  on t h e  Benton Vi sua l  
Retention T e s t . "  
he made a 90-degree e r r o r  i n  garage  p o s i t i o n .  H e  w a s  unable  
t o  r e c a l l  any d e t a i l s  of s h o r t  s t o r i e s  read t o  him. H e  could 
no t  l e a r n  an un fami l i a r  a s s o c i a t i o n  of words. 
In  drawing a plan of h i s  house and garden 
( 2 )  Amnesia: P a r t i a l  r e t r o g r a d e  amnesia f o r  t h r e e  
months 
(3) Storage  of  d i s t a n t  events :  Not a l t e r e d .  
( 4 )  Persona l i ty  and emotion: N o  change noted .  
A t t en t ion ,  Concentrat ion and reasoning  w e r e  normal. 
- 
* See Appendix f o r  a d e s c r i p t i o n  of th i s  tes t .  
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Three months a f t e r  t he  opera t ion  an at tempt  t o  recover  
"some of t h e  fo rgo t t en  ma te r i a l "  was completely unsuccessfu l .  
Four years  a f t e r  the  opera t ion  an EEG made during a s e i z u r e  
revea led  suppression of a c t i v i t y  over  the r i g h t  temporal 
region followed by sharp  waves from t h e  r i g h t  hemisphere, 
i n d i c a t i n g  an abnormal region i n  the  r i g h t  temporal lobe.  A t  
t h a t  time h i s  memory had improved (bu t  most of t h i s  had 
occurred i n  t h e  f i r s t  y e a r ) .  He s t i l l  was unable t o  l e a r n  
anything new i n  h i s  work. H e  was ab le  to  r e c a l l  a few out- 
s tanding  a s soc ia t ions ,  b u t  nothing about small  day-to-day 
events .  
S e r a f e t i n i d e s  and Falconer (34) removed the  r i g h t  
temporal lobe i n  seven s e i z u r e  p a t i e n t s  who pos tope ra t ive ly  
showed an EEG focus i n  the  oppos i te  temporal lobe.  S ix  of 
t hese  p a t i e n t s  had p e r s i s t e n t  impairment of memory and i n  
fou r ,  a preopera t ive  memory d e f i c i t  w a s  worsened. Deta i led  
t e s t i n g  was not  repor ted ,  and the  assessment was a c l i n i c a l  
judgment which "did not  c o r r e l a t e  with more formal psychologi- 
c a l  tests. 'I 
On t h e  o the r  hand, Walker(36) s t a t e d  t h a t  s e v e r a l  uni-  
l a t e r a l  lobectomy p a t i e n t s  showing b i l a t e r a l  temporal EEG 
sp ikes  had no memory de fec t .  The loca t ion  and ex ten t  of 
damage wi th in  the  temporal region and the e x t e n t  of t h e  EEG 
abnormali ty  a r e  undoubtedly t h e  determining f a c t o r s .  
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Figure  6. 
[Ojemann - Melnechuk] 
Schematic diagram of l e s i o n s  i n  t h e  f o r n i x .  
Entire  Area 
= Congenital Absence 
A = ANTERIOR COMMISSURE 
AT = ANTERIOR THALAMIC NUCLEUS 
DM= CORSAL-MEDIAL THALAMIC NUCLEUS 
HC = HIPPOCAMPAL COMMISSURE 
M = MAMMILLARY BODY 
P = PULVIhjAR THALAMIC NUCLEUS 
V =  THIRD VENTRICLE 
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I V .  FORNIX 
The l e s i o n s  t o  be desc r ibed  below are diagrammed i n  
F ig .  6. 
A .  B i l a t e ra l  Surq ica l  Sec t ion  
I n  1938 D ~ t t ( ~ ~ )  de sc r ibed  two c a s e s  where removal of 
a tumor n e c e s s i t a t e d  s e c t i o n  of t h e  f o r n i c e s .  No d e f e c t  i n  
memory func t ion  w a s  r epor t ed .  Garcia-Bengochea and co- 
w o r k e r ~ ( ~ ~ )  r e p o r t e d  14 p a t i e n t s  on whom t h i s  ope ra t ion  had 
been c a r r i e d  ou t  f o r  t h e  t r ea tmen t  of severe e p i l e p s y .  No 
“unfavorable  neurolo ical  o r  p s y c h i a t r i c  s eque lae“  w e r e  noted. 
Ca i rns  and Mosberg (42) s ec t ioned  t h e  f o r n i x  b i l a t e r a l l y  i n  
e i g h t  cases t o  remove a c o l l o i d  c y s t  of t h e  t h i r d  v e n t r i c l e .  
N o  change i n  memory w a s  r epor t ed .  Sect ion of t h e  f o r n i x  
b i l a t e r a l l y  w i t h  complete d i v i s i o n  of t h e  corpus  callosum 
w a s  r e p o r t e d  by A k e l a i t i s .  ( 4 7 )  There was apparent ly  no change 
i n  memory func t ion .  Unfortunately,  no mention was made of 
s p e c i f i c  o r  d e t a i l e d  psychological  t es t s  on which t h e s e  s t a t e -  
ments w e r e  based. 
On t h e  o t h e r  hand, Sweet, Tal land and Ervin(48)  found 
a marked change i n  memory fol lowing t h i s  s e c t i o n ,  which w a s  
done t o  f a c i l i t a t e  removal of a tumor ( c o l l o i d  c y s t )  from 
t h e  t h i r d  v e n t r i c l e .  
(44) Do t t ,  N.M. (1938) : Surg ica l  a spec t s  of t h e  hypothala- 
mus. 2: The Hypothalamus: Morpholoqical, Func t iona l ,  C l i n i -  
c a l  and Surg ica l  A s p e c t s .  C la rk ,  W.E. Le Gros,  B e a t t i e ,  J . ,  
Riddoch, G .  and Dott ,  N.M. ,  eds .  Edinburgh: O l ive r  and Boyd. 
P .  131. 
(45) Garcia-Bengochea, F . ,  D e  La Torre,  0. , Esqu ive l ,  O . ,  
V i e t a ,  R. and Fernandez, C .  (1954): The s e c t i o n  of t h e  f o r n i x  
i n  t h e  s u r g i c a l  t reatment  of c e r t a i n  e p i l e p s i e s .  A p re l imi -  
nary  r e p o r t .  Trans.  Amer. Neurol. Assn. 79:176-178. 
(46) Ca i rns ,  H. and Mosberg, W.H., Jr. (1951): Co l lo id  
c y s t  of t h e  t h i r d  v e n t r i c l e .  Surq. Gynec. O b s t e t .  92:545-570. 
(47) A k e l a i t i s ,  A . J .  (1943) : S t u d i e s  on t h e  corpus c a l l o -  
sum. V I I .  Study of language f u n c t i o n s  ( t a c t i l e  and v i s u a l  
l ex i a  and g raph ia )  u n i l a t e r a l l y  fol lowing s e c t i o n  of t h e  
corpus  callosum. J. Neuropath. Exp. Neurol. 2:226-262. 
(48) Sweet, W.H. ,  Ta l l and ,  G.A.  and Ervin,  F.R. (1959) : 
Loss of r e c e n t  memory fol lowing s e c t i o n  of f o r n i x .  Trans.  
Amer. Neurol. Assn. 84:76-82. 
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Case Report. The p a t i e n t  was a 36-year-old woman. 
P r i o r  t o  opera t ion  t h e r e  was no g ross  memory d e f i c i t .  The 
smooth pos tope ra t ive  course  supported the  impression of mini- 
mal trauma t o  hypothalamic s t r u c t u r e .  L i t t l e ,  i f  any, i n j u r y  
t o  the  wa l l s  o r  f l o o r  of t h e  t h i r d  v e n t r i c l e  should occur s i n c e  
t h i s  tumor arises supe r io r ly  and l a t e r a l l y  from t h e  roof of 
t he  v e n t r i c l e .  
(1) Recording of ongoing events :  She was permanently 
( 2  yea r s )  unable t o  record  r ecen t  events  except  when h igh ly  
motivated,  and then a s h i f t  i n  a t t e n t i o n  would cause even t h a t  
information to  be l o s t .  
( a )  Example from a c t i v i t e s :  She was unable  
t o  remember any events  happening around h e r .  
(b) Example from psychologica l  t e s t i n g :  Immed- 
i a t e  recall  was normal a s  t e s t e d  by Wechsler d i g i t  span,  b u t  
became severe ly  impaired i f  t h e r e  was a s h i f t  i n  a t t e n t i o n .  
The r e s u l t  f o r  nonsense s y l l a b l e s  was zero.  Af t e r  one yea r  
IQ was 103,  and memory q u o t i e n t  90. 
( 2 )  Amnesia: Permanent r e t rog rade  loss  of memory f o r  
s e v e r a l  weeks p r i o r  t o  h o s p i t a l i z a t i o n ,  and s u b j e c t i v e  com- 
p l a i n t  of amnesia f o r  events  dur ing  the  preceding  fou r  t o  f i v e  
yea r s .  
( 3 )  S torage  of d i s t a n t  events :  Temporary i n a b i l i t y  t o  
recognize o r  know what t o  do with a box of candy o r  t o  use  a 
k n i f e  and fork .  These f a c u l t i e s  recovered r a p i d l y .  Memory 
f o r  mot remote events  w a s  i n t a c t .  
(4) Pe r sona l i ty  and emotion: Loss of spon tane i ty  and 
some ind i f f e rence .  
I n  d i scuss ion  of t h i s  p r e s e n t a t i o n ,  Milner (49) r epor t ed  
a s i m i l a r  opera t ion  performed by Welch, on a 44-year-old geol-  
o g i s t  of high p r o f e s s i o n a l  s k i l l .  One yea r  a f t e r  su rge ry  he  
could achieve,  with e f f o r t ,  a f a i r l y  good performance on f o r -  
mal memory tests by a t tempt ing  t o  l i n k  t h e  c u r r e n t  e v e n t  with 
something from h i s  d i s t a n t  memory. On formal  t e s t i n g  IQ was 
120, and memory quo t i en t  105. When he made no e f f o r t  t o  re- 
t a i n  an event  he  d i d  show some memory impairment. I n  c o n t r a s t ,  
none of t h e  p a t i e n t s  she had s t u d i e d  wi th  b i l a t e r a l  hippocampal 
(49) Milner ,  B. (1959):  Discuss ion ,  pp-  78-79. .&: Sweet, 
W.H., e t  a l . ,  r e f .  42. 
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l e s i o n s  could overcome t h e  memory d e f i c i t  i n  t h i s  fash ion .  
Poss ib ly  t h e  more severe  d is turbance  i n  S w e e t ' s  case was caused 
by the  reduct ion  i n  motivat ion.  
B. Conqeni ta l  Absence 
Nathan and Smith(50) have reported t h e  case  of a 34-  
year-old man who d ied  from a chondrosarcoma of t h e  i l e u m .  N o  
d e f e c t  i n  memory o r  i n t e l l e c t u r a l  func t ion  had been noted dur- 
ing h i s  l i f e .  
The most s t r i k i n g  f ind ing  i n  examination of t h e  b r a i n  
was a complete absence of t he  f imbria  (formed by f i b e r s  from 
t h e  hippocampal formation) and forn ix .  I n  add i t ion  t h e r e  was 
an abnormal c i n g u l a t e  gyrus.  The hippocampus and d e n t a t e  
gyrus w e r e  p re sen t  on g ross  pa tho log ica l  examination, b u t  
appeared small .  Microscopic s tudy ,  however, revea led  t h a t  t he  
c e l l s  had a normal appearance and arrangement. The two hippo- 
campal complexes jo ined  p o s t e r i o r l y  beneath the  corpus c a l l o -  
sum. This  b r idge  seemed t o  r ep resen t  the only e f f e r e n t  path 
from t h e  hippocampus. Nuclear groups of t h e  mammillary bod- 
i es ,  which usua l ly  r ece ive  the  f i b e r s  of t he  f o r n i x ,  were nor- 
mal, a s  was the  major outf low t r a c t  from t h i s  s t r u c t u r e ,  t h e  
mammillothalamic t r a c t .  
(50) Nathan, P . W .  and Smith, M.C. ( 1950) :  Normal menta l i ty  
a s soc ia t ed  with a maldeveloped "rhinencephalon. " J. Neurol. 
Neurosurq. Psychia t .  13:191-197. 
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V. HIPPOCAMPUS, FORNIX,  AND COMMISSURES 
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A.  B i l a t e r a l  I n f a r c t i o n  
Vic to r ,  Angevine, Mancall and F i s h e r ( 3 )  repor ted  i n  
d e t a i l  the  c l i n i c a l  and pa thologic  f ind ings  i n  a case  wi th  
occlusion of both p o s t e r i o r  c e r e b r a l  a r t e r i e s  and a s e r i o u s  
d i so rde r  i n  memory func t ion .  
Case Report: A 54-year-old man was descr ibed  a s  
"completely normal" p r i o r  t o  t h e  onse t  of  h i s  f i r s t  s t r o k e .  
C l i n i c a l l y  t h e  f i r s t  s t r o k e  involved t h e  a rea  of  d i s t r i b u t i o n  
of the  l e f t  p o s t e r i o r  c e r e b r a l  a r t e r y .  There was no evidence 
of memory d is turbance  al though he was somewhat withdrawn and 
i n d i f f e r e n t .  Approximately two years  l a t e r ,  he developed 
evidence of a less seve re  l e s i o n  i n  t h e  d i s t r i b u t i o n  of  t h e  
r i g h t  p o s t e r i o r  c e r e b r a l  a r t e r y  and an a s s o c i a t e d  memory d e f i -  
c i t  which remained unchanged f o r  t h e  remaining t h r e e  years  Of 
h i s  l i f e .  
(1) Recording of ongoing events :  For t h e  most p a r t ,  
he could not  r e c a l l  any event  t h a t  occurred a f t e r  t h e  second 
s t r o k e ,  b u t  t h e r e  w e r e  a few except ions .  
( a )  Examples from a c t i v i t i e s :  H e  would spend 
hours watching baseba l l  on t e l e v i s i o n ,  b u t  as soon as t h e  
game was over  he could n o t  r e m e m b e r  t h e  s c o r e  o r  d e t a i l s  of 
t h e  game. H e  could no t  remember i f  he had r e c e n t l y  smoked a 
c i g a r e t t e ,  would f o r g e t  s imple i n s t r u c t i o n s  l e f t  by h i s  w i fe ,  
could no t  l e a r n  any new ca rd  games. One except ion  was t h e  
memory of a v i s i t  by h i s  n i ece  who came t o  v i s i t  f o r  s e v e r a l  
days b u t  s tayed  on f o r  two months. For many months he could 
r e c a l l  t he  event  and a p p r e c i a t e  i t s  humorous a spec t .  On t h e  
o t h e r  except iona l  occasion he b r i e f l y  r e c a l l e d  in spec t ing  some 
heavy equipment s e v e r a l  days be fo re .  
(b )  Examples from psychologica l  tests: I Q  = 
1 1 7 .  Although he could no t  l e a r n  any d i f f i c u l t  word a s soc ia -  
t i o n s ,  s imple ones w e r e  w e l l  r e t a i n e d .  T e s t s  of d i g i t  r e t en -  
t i o n ,  p a r t i c u l a r l y  r epea t ing  d i g i t s  backwards, i n d i c a t e d  
impairment. 
( 2 )  Amnesia: There w a s  r e t rog rade  loss of  memory 
except  f o r  i s o l a t e d  events  occur r ing  dur ing  t h e  two y e a r s  
preceding t h e  second s t r o k e .  
( 3 )  Storage of d i s t a n t  events :  Not impaired. 
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( 4 )  Pe r sona l i ty  and emotion: Affec t  was genera l ly  
f l a t ,  wi th  p e r s i s t e n t  i n a c t i v i t y ,  i n d i f f e r e n c e  and loss  of 
i n i t i a t i v e .  This has a l s o  been observed i n  p a t i e n t s  with 
infero-medial  f r o n t a l  lobe l e s i o n  and i n t a c t  memory. 
Pathologic  s tudy  revea led  t h e  following chronic  changes 
(see Fig .  7 ) :  On the  l e f t  s i d e ,  t h e  uncus, amygdaloid body 
and a n t e r i o r  hippocampus were i n t a c t .  Immediately p o s t e r i o r l y  
t h e  hippocampal gyrus was p a r t i a l l y  destroyed.  Further  
p o s t e r i o r l y  the  d e s t r u c t i o n  became more ex tens ive  and involved 
t h e  hippocampus d e n t a t e  gyrus ,  subiculum, t h e  i n f e r i o r  por t ion  
of t he  splenium of t h e  corpus callosum, and the  commissure of  
t h e  f o r n i x .  Examination of t h e  f o r n i x  revea led  secondary 
degenera t ion .  This l e s i o n  extended i n t o  t h e  inferomedial  por- 
t i o n  of t h e  o c c i p i t a l  lobe and o c c i p i t a l  po le ,  destroying 
s t r i a t e  co r t ex .  
On t h e  r i g h t  s i d e ,  t he  uncus, amygdaloid body and 
a n t e r i o r  hippocampus w e r e  a l s o  i n t a c t .  There was a patchy 
loss of  pyramidal c e l l s  and seve re  nec ros i s  of t he  white 
ma t t e r  of t h e  hippocampal gyrus.  There was a s epa ra t e  l e s ion  
p a r t i a l l y  i n t e r r u p t i n g  the  f i b e r s  o f  the fo rn ix ,  i n  e f f e c t ,  
then ,  g iv ing  t h e  p a t i e n t  a b i l a t e r a l  l e s ion  of the hippocampal 
formation.  There was a l s o  ex tens ive  des t ruc t ion  i n  the  
i n f e r i o r  medial a spec t  of t he  o c c i p i t a l  lobe.  
Both mammillary bodies  were reduced i n  s i z e  ( l e f t  more 
than r i g h t )  due t o  marked nerve c e l l  l o s s  probably from t r ans -  
synap t i c  degenera t ion .  There w e r e  a few small  i n f a r c t s  s ca t -  
t e r e d  i n  the  f r o n t a l  and p a r i e t a l  lobe ,  which were thought t o  
be i n s i g n i f i c a n t .  Death was due t o  acute  i n f a r c t i o n  of the  
midbrain,  pons and cerebellum from b a s i l a r  a r t e r y  occlusion.  
B.  Lesions Due t o  Tumor 
Smith and Smith(51) have repor ted  a case  which they 
b e l i e v e  i s  suppor t ing  evidence f o r  t h e  f a c t  t h a t  memory i m -  
pairment  may r e s u l t  from a u n i l a t e r a l  temporal-lobe les ion .  
This was descr ibed  a s  a d i s tu rbance  i n  memory f o r  recent  
events  wi th  no loss f o r  events  p r i o r  t o  the  i l l n e s s .  Their 
p a t i e n t  had a mal ignant  astrocytoma which a t  postmortem 
examination involved n o t  on ly  t h e  p o s t e r i o r  por t ion  of t he  
--- 
( 5 1 )  Smith, R.A. and Smith, W.A. ( 1 9 6 6 ) :  Loss of recent  
memory a s  a s i g n  of foca l  temporal lobe d i so rde r .  J. Neurosurq. 
24: 91-95. 
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Figure  7 .  Schematic diagram of l e s i o n s  i n  t h e  hippocampus- 
i f o r n i x .  [Ojemann - Melnechuk] 
F R O N T A L  LOBE 
L =  LEFT SIDE 
R =  RIGHT SIDE 
A = ANTERIOR COMMISSURE 
c 
AT = ANTERIOR THALAMIC NUCLEUS 
HC = HIPPOCAMPAL COMMISSURE 
DM= DORSAL-MEDIAL THALAMIC NUCLEUS 
M = MAMMILLARY BODY 
P = PULVINAR THALAMIC NUCLEUS 
V =  THIRD VENTRICLE 
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l e f t  hippocampus, hippocampal gyrus,  forn ix  and o c c i p i t a l  
l obe ,  b u t  a l s o  extended ac ross  t h e  splenium of t h e  corpus 
callosum and included t h e  hippocampal commissure. D e t a i l e l  
ser ia l  s e c t i o n s  of t h e  b r a i n  are not  repor ted ,  b u t ,  from the  
one s e c t i o n  i l l u s t r a t e d ,  p re s su re  o r  invasion i n  t h e  r i g h t  
f o r n i x  i s  a l s o  suspected.  
The r e p o r t  of Stepief! and S i e r p i h ~ k i ( ~ ~ )  is discussed  
i n  d e t a i l  i n  t he  s e c t i o n  on mul t ip l e  b ra in  l e s i o n s .  I n  only 
one case  of temporal-lobe tumor w a s  t he re  an impairment i n  
r e c e n t  memory. This  w a s  an i n f i l t r a t i n g  tumor of  t he  l e f t  
temporal lobe;  involvement of the  opposi te  medial  temporal 
a r e a  could n o t  be excluded. 
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Figure  8. Schematic diagram of l e s i o n s  i n  t h e  thalamic- 
hypothalamic r eg ion .  [Ojemann - Melnechuk] 
F R O N T A L  LOBE L 
TEWFORAL 
A = ANTERIOR COMMISSURE 
AT = ANTERIOR THALAMIC NUCLEUS 
DM= DORSAL-MEDIAL THALAUIC NUCLEU.5 
HC = HIPPOCAMPAL COMMISSURE 
M = MAMMILLARY BODY 
P = PULVINAR THALAMIC N U C L E U S  
V =  THIRD VENTRICLE 
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V I .  THALAMUS AND HYPOTHALAMUS 
The l e s i o n s  t o  be descr ibed below are diagrammed i n  
Fig.  8. 
A. Korsakoff ' s  Psvchosis 
Seve ra l  r e p o r t s  have considered t h e  mammillary bodies  
t o  be c r i t i c a l  i n  memory func t ion  because of t h e  d e f e c t s  noted 
i n  Korsakof f ' s psychosis.  (6)  
a t e d  w i t h  ch ron ic  alcoholism, b u t  may be encountered i n  a 
v a r i e t y  of o t h e r  d i so rde r s .  ( 4 e  5 ,  
a c r i t i c a l  degree of thiamin c h l o r i d e  def ic iency.* 
This  d i s e a s e  i s  u s u a l l y  a s soc i -  
I t  i s  thought t o  be due t o  
The d i s e a s e  is c h a r a c t e r i z e d  by a seve re  memory d e f e c t ,  
There i s  almost complete i n a b i l i t y  t o  record 
d i s p r o p o r t i o n a t e  i n  comparison t o  minor d e f i c i t s  i n  c o g n i t i v e  
func t ion .  ( 5 2 n  53) 
ongoing events ,  only i s o l a t e d  f a c t s  being r e t a i n e d ,  and 
t h e s e  i n  an i n c o r r e c t  chronological  order .  Amnesia f o r  some 
even t s  preceding t h e  i l l n e s s  i s  noted,  and a t  t i m e s  even 
remote memory i s  d e f e c t i v e .  
De ta i l ed  pa tho log ic  s tudy  by Adams, V ic to r  and 
C o l l i n s  ( 3 c 8 f  54) revealed t h a t  l e s i o n s  i n  t h e  mammillary bodies  
w e r e  b u t  one p a r t  of t h e  pa tho log icp rocess .  In  f a c t ,  t h e  
* Erv in (48)  has emphasized t h e  phylogenetic f a c t  t h a t  t h e  
Indian e l ephan t  and dolphin,  bo th  of which have e x c e l l e n t  
behav io ra l  memory, have no mammillary bodies.  
(52) V i c t o r ,  M. and Adams, R.D. (1962): N u t r i t i o n a l  
d i s o r d e r s  of t h e  nervous system. In: P r i n c i p l e s  of I n t e r n a l  
Medicine. Harr ison,  T . R . ,  ed. New York: McGraw-Hill. P. 1841. 
(53)  Vic tor ,  M. and Yakovlev, P . I .  (1955): S . S .  Korsakoff ' s  
psychic  d i s o r d e r  i n  conjunct ion with pe r iphe ra l  n e u r i t i s .  A 
t r a n s l a t i o n  of Korsakof f ' s  o r i g i n a l  a r t i c l e  w i th  b r i e f  com- 
ments on t h e  au tho r  and h i s  con t r ibu t ion  t o  c l i n i c a l  medicine. 
Neuroloqy 5:394-406. 
(54) C o l l i n s ,  G . H . ,  Vic tor ,  M. and Adams, R.D. (1961): 
Neuropathological s tudy  of Wernicke's d i sease  and Korsakof f ' s  
psychosis .  J. Neuropath. Exp. Neurol. 20:289. 
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most striking feature was the constant lesions found in the 
medial thalamus (dorsal medial and medial pulvinar nuclei). 
At times the disease also involved other areas of the medial 
hypothalamus, periaqueductal gray matter of the midbrain and 
floor of the fourth ventricle. The hippocampi were intact. 
It is evident that some part of the medial thalamus and hypo- 
thalamus is necessary for memory function. 
B. Hemorrhaqe: Mammillary Bodies 
Jasper(55) has briefly noted a case of bilateral de- 
struction in the region of the mammillary bodies due to 
hemorrhage. For seven years prior to death not a single 
memory was recorded. 
C. Stereotactic Lesions 
1. Dorsal Medial Nucleus of Thalamus 
In a series of patients with stereotactically placed 
lesions in the dorsal medial nucleus, Spiegel et al., (56)  
noted a temporary deficit characterized by temporal disorien- 
tation, lack of spontaneity, decreased responsiveness to 
sensory stimuli and a memory defect for recent and past 
events. Orchinik (57) has reported in greater detail the 
effects of these lesions in patients with various types of 
psychosis. 
Using the Wechsler Memory Scale, 12 of 17 cases showed 
a decline in the memory quotient after operation (tests done 
within two months). All seven subtest scores declined, with 
the orientation test (requiring synthesis of old and new 
material) and the current information test showing the most 
significant decrease. The changes suggested a deficit both 
in acquisition of new material and retention of previously 
learned information. This decline in the memory tests was 
(55) Nauta, W.J.H. (1964) :  Some brain structures and 
functions related to memory. Neurosciences Res. Proq. Bull. 
2 ( 5 )  :14. 
(56) Spiegel, A., Wycis, H.T., Orchinik, C.W. and Freed, H. 
(1955): The thalamus and temporal orientation. Science 121: 
771-772. 
(57) Orchinik, C.W. (1960) : Some psychological aspects of 
circumscribed lesions of the diencephalon. Confin. Neurol. 20: 
292-310. 
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I more marked than t h a t  noted i n  o t h e r  components of  t h e  
Wechsler I n t e l l i g e n c e  Sca le .  
Repeat tests given t h r e e  months t o  one year  a f t e r  oper- 
a t i o n  i n  e i g h t  of t hese  p a t i e n t s  s t i l l  showed some dec l ine  
i n  memory sco res ,  b u t  t h e  s t a t i s t i ca l  s ign i f i cance  was less. 
Although these  l e s i o n s  are presumed t o  be i n  t h e  d o r s a l  
medial  nucleus of t h e  thalamus, anatomic confirmation i s  
lacking .  
2 .  Other Thalamic Nuclei  
S t e r e o t a c t i c  l e s i o n s  have been placed i n  the  thalamus 
i n  o rde r  t o  t r e a t  severe  pain due t o  malignant d i sease .  Mark 
and H a ~ k e t t ( ~ ~ )  repor ted  t h a t  i n  four  of 13 p a t i e n t s  t h e r e  w a s  
" t r a n s i e n t  d i s o r i e n t a t i o n  i n  p l ace  and t i m e  wi th  r ecen t  memory 
loss l a s t i n g  1 - 10 days a f t e r  i n i t i a l  radiofrequency l e s i o n s . "  
Three o f  t hese  p a t i e n t s  w e r e  repor ted  i n  d e t a i l  (Cases 11, 1 2 ,  
and 13).(59160) 
served.  Pathologic  s t u d i e s  have been c a r r i e d  o u t  i n  two. I n  
C a s e  1 2  t h e  l e s i o n  involved t h e  p o s t e r i o r  v e n t r a l  and medial 
thalamus near  t h e  p o s t e r i o r  commissure with secondary in fa rc -  
t i o n  of t h e  medial  thalamus.(60) I n  Case 13 t h e  d e s t r u c t i v e  
l e s i o n  was i n  t h e  d o r s a l  a spec t  of t h e  do r sa l  medial nucleus 
and i n  t h e  a n t e r i o r  v e n t r a l  nuc leus . (61)  The exac t  l oca t ion  
of t h e  l e s i o n  was a l s o  determined i n  1 0  o t h e r  b r a i n s .  (61) 
When the p r i n c i p a l  a r e a  of d e s t r u c t i o n  was i n  t h e  sensory 
nucleus (nucleus v e n t r a l i s  pos te romedia l i s ) ,  p a r a f a s i c u l a r  
nucleus o r  in t r a l amina r  nucleus memory d is turbance  was not  
repor ted .  
A pronounced change i n  a f f e c t  was a l s o  ob- 
(58) Mark, V.H. and Hacket t ,  T.P. (1959): Su rg ica l  a spec t s  
of thalamotomy i n  t h e  human. Trans. Amer. Neurol. Assn. 84: 
92-94. 
(59) Mark, V.H. ,  Ervin,  F . R . ,  and Hackett ,  T.P. (1960): 
C l i n i c a l  aspec ts  of s t e r e o t a c t i c  thalamotomy i n  t h e  human. 
P a r t  I. The t rea tment  of chronic  severe  pain.  Arch. Neurol. 
3:351-367. 
( 6 0 )  Mark, V.H. (1964) : Personal  Communication. 
(61) Mark, V.H., Ervin,  F.R. and Yakovlev, P . I .  (1963): 
S t e r e o t a c t i c  thalamotomy. 111. The v e r i f i c a t i o n  of anatomical 
l e s i o n  s i tes  i n  t h e  human thalamus. Arch. Neurol. 8:528-538. 
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Levita and Riklan ( 6 2 )  have reported detailed testing 
in 22 patients with Parkinson's disease treated by unilateral 
stereotactic thalamotomy. From X-ray measurement, all lesions 
were thought to be in the ventrolateral nucleus of the thala- 
mus. Using a portion of the Wechsler Memory Scale, no defect 
in memory function was observed in the postoperative testing. 
Patients with Parkinsonism treated by unilateral lesions 
in the posterior ventral thalamic-subthalamic region have 
also been studied by Jurko and Andy. (63)  
digit span, information, arithmetic, and vocabulary was found. 
However, impairment in all visual-motor tests, including 
drawing of designs from memory after a 5-second exposure, was 
noted in the immediate postoperative period as well as 1 1/2- 
2 years later. 
No impairment in 
-- 
(62)  Levita, E. and Riklan, M. (1965) :  Cognitive and 
perceptual functions and lesion location in basal ganglia 
surgery. 2. Clin. Psychol. 21:367-369. 
(63 )  Jurko, M.F. and Andy, 0. J. (1964)  : Psychological 
aspects of diencephalotomy . Jdeurol. Neurosurq. Psychiat. 
27: 516-521. 
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V I I .  THIRD VENTRICLE AND ADJACENT STRUCTURES 
4 1  
A. Lesions Due t o  Tumor 
Severa l  papers  have repor ted  d is turbances  i n  memory 
func t ion  caused by tumors t h a t  compress o r  invade t i s s u e  
ad jacen t  t o  the  t h i r d  v e n t r i c l e .  ( 3 i 6 4 f 6 5 )  
obviously of l imi t ed  value i n  making a d e t a i l e d  c l i n i c a l -  
pa tho log ica l  c o r r e l a t i o n  because of d i f f u s e  boundaries ,  in -  
volvement of mul t ip l e  s t r u c t u r e s ,  and the d i s t a n t  e f f e c t s  of 
increased  i n t r a c r a n i a l  p ressure .  (See Fig - 9. ) 
These l e s i o n s  a r e  
Foe r s t e r  and Gage1(66) noted t h a t  t he  mental  symptoms, 
inc luding  amnesia, c l ea red  up a s  soon as a craniopharyngeal  
c y s t  compressing the  f l o o r  and w a l l s  of the  t h i r d  v e n t r i c l e  
was removed. 
Williams and Pennybacker (64) have attempted t o  cor re-  
l a t e  memory d is turbance  with t h i r d - v e n t r i c l e  tumors. In  four  
c a s e s ,  a wel l -def ined memory d is turbance  could be c o r r e l a t e d  
wi th  a s p e c i f i c  l e s i o n  involving the  f loo r  and s i d e s  of t he  
t h i r d  v e n t r i c l e .  In  two of t he  cases  t h e r e  was no evidence 
of p re s su re  on o t h e r  a reas  of t he  b ra in .  Although i n i t i a l l y  
the  o t h e r  two p a t i e n t s  had increased  i n t r a c r a n i a l  p r e s s u r e ,  
a r e t u r n  t o  normal p re s su re  d i d  no t  a l t e r  t he  memory d i s t u r b -  
ance.  The memory d e f e c t  cons i s t ed  o f :  " ( a )  i n a b i l i t y  t o  r e t a i n  
new impressions f o r  any l eng th  of t i m e ,  (b) i n a c c e s s i b i l i t y  
of memory f o r  p a s t  exper iences ,  (c) d i s t o r t i o n  and f r ac t iona -  
t i o n  of r ecen t  memory, (d)  i n a b i l i t y  t o  l e a r n  new sensory- 
motor h a b i t s .  Immediate memory span, as measured by r e p e t i t i o n  
of d i g i t s  o r  sentences was comparatively w e l l  maintained." 
These au thors  a l s o  attempted t o  analyze the incidence 
of memory d e f e c t s  i n  p a t i e n t s  wi th  t h i r d - v e n t r i c l e  l e s i o n s  
(64) Williams, M. and Pennybacker, J. ( 1 9 5 4 )  : Memory d i s -  
tu rbances  i n  t h i r d  v e n t r i c l e  turnours. J. Neurol. Neurosurq. 
Psych ia t  17  : 115-12 3. 
( 6 5 )  White, J . C .  and Cobb, S .  ( 1 9 5 5 ) :  Psychological  changes 
a s soc ia t ed  with g i a n t  p i t u i t a r y  neoplasms. Arch. Neurol. PSY- 
c h i a t .  74:383-396.  
(66) Foe r s t e r ,  0. and Gagel,  0. (1933) :  Ein F a l l  von 
Ependymcyte des  111 Ven t r ike l s .  Ein Bei t rag  zur  Frage de r  
Beziehungen psychischer  Storungen zum Hirnstamm. Z .  G e s .  
Neurol. Psychia t .  149:312-344.  
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F igure  9. 
t h i r d  v e n t r i c l e .  [Ojemann - Melnechuk] 
Schematic diagram of l e s i o n s  i n  t h e  r eg ion  of t h e  
AT AN7ERlOR THALAMIC NUCLEUS 
DM= DORSAL-MEDIAL THALAMIC NUCLEUS 
HC = HIPPOCAMPAL COMMISSURE 
M = MAMMILLARY BOGY 
P = PULVINAR THALAMIL NUCLEUS 
V =  THIRD VENTRICLE 
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and a l s o  wi th  tumors involv ing  o t h e r  a reas  of t h e  b r a i n .  
Although d e t a i l e d  t e s t i n g  was no t  done, of  2 1  p a t i e n t s  wi th  
tumors (craniopharyngioma) involving the f l o o r  and t h e  s i d e s  
of t h e  t h i r d  v e n t r i c l e ,  72 percent  had some degree of  memory 
impairment, whereas i n  11 tumors located 1 cm.-2  cm. a n t e r i o r  
t o  t h i s  a r ea  t h e r e  was no memory d e f i c i t .  
I n  another  group of 2 4  cases  with no l e s i o n  i n  t h e  
region of t h e  t h i r d  v e n t r i c l e ,  b u t  wi th  increased  p res su re  
caused by a p o s t e r i o r  fo s sa  tumor, 45 percent  had a memory 
d is turbance .  I t  is presumed t h a t  th is  might be r e l a t e d  t o  
t h e  increased  pressure  wi th in  t h e  t h i r d  v e n t r i c l e .  
Twenty-six o t h e r  tumors w e r e  a s soc ia t ed  wi th  a d e f i n i t e  
memory impairment, b u t  t h e  e x t e n t  of the l e s i o n s  w a s  unknown. 
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V I 1 1  . FRONTAL LOBE 
A. Su rq ica l  Lesions 
1. U n i l a t e r a l  Resect ion 
Rylander (67) c a r e f u l l y  s t u d i e d  32 p a t i e n t s  fol lowing 
f r o n t a l - l o b e  r e s e c t i o n ,  comparing each with an i n t a c t  s u b j e c t .  
Although t h e r e  was impairment i n  a b s t r a c t  t h ink ing  and i n  t h e  
i n t e l l i g e n c e  t e s t ,  no d i f f e r e n c e  was found i n  tes ts  of imme- 
d i a t e  memory and " t h e  a b i l i t y  t o  f i x  new impressions i n  t h e  
mind wi th  t h e  h e l p  of a s s o c i a t e s  (word a s s o c i a t e  t e s t ) . "  
However, i n  r e fe rence  t o  t h e s e  impressions "it seems as i f  
t h e  p a t i e n t s  fo rgo t  more than the  c o n t r o l  subjects  a f t e r  3 
hours .  I' 
2 .  B i l a t e r a l  Resect ion 
Hebb (68,691 eva lua ted  a p a t i e n t  a f t e r  b i l a t e r a l  removal 
of t h e  f r o n t a l  lobes .  I n  t h i s  ca se  t h e  r e s e c t i o n  w a s  c a r r i e d  
o u t  t o  remove scar t i s s u e  caus ing  s e i z u r e s .  There was the re -  
f o r e  no e f f e c t  on ad jacen t  b r a i n  t i s s u e  from compression. NO 
change i n  i n t e l l e c t u a l  o r  memory func t ion  was noted. Malmo (70)  
s t u d i e d  a p a t i e n t  wi th  b i l a t e r a l  removal of t h e  o r b i t e d  s u r f a c e  
of t h e  f r o n t a l  lobe (by Penf i e ld )  us ing  t h e  Wechsler Memory 
Sca le  and "o the r  tes ts  of immediate memory." No d e f i c i t  w a s  
noted. 
(67) Rylander, G. (1939):  P e r s o n a l i t y  changes a f t e r  opera- 
t i o n s  on t h e  f r o n t a l  lobes .  C l i n i c a l  s tudy  of  32 cases .  
Acta Psychia t .  Neurol. Suppl. 20:269-274. 
(68) H e b b ,  D.O. and Penf i e ld ,  W .  (1940):  Human behavior  
a f t e r  ex tens ive  b i l a t e r a l  removal from t h e  f r o n t a l  lobes .  
Arch. Neurol. Psychia t .  44:421-438. 
(69) Hebb, D . O .  (1945):  Man's f r o n t a l  l obes .  A c r i t i c a l  
review. Arch. Neurol. Psychia t .  54: 10-24. 
(70) Malmo, R.B.  (1948) : Psychologica l  a s p e c t s  of f r o n t a l  
gyrectomy and f r o n t a l  lobotomy i n  mental  p a t i e n t s .  In: 
Fron ta l  Lobe. Ful ton ,  J . F . ,  Aring, C . D .  and Wor t i s ,  S.B.,  
eds .  Baltimore: Williams and Wilkins .  Chapt. XXIII, P t .  3 ,  
p.  5510. 
L 
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3. Cinqulotomy 
Whitty and L e ~ i n ( ~ l )  performed a b i l a t e r a l  removal of 
t h e  a n t e r i o r  5 c m .  of t h e  c i n g u l a t e  gyrus i n  a group of 10 
p a t i e n t s  wi th  obsess iona l  states (see Fig. 1 0 ) .  Eight  of 
these  ind iv idua l s  w e r e  found t o  have a t r a n s i e n t  i n a b i l i t y  t o  
organize  remembered events  i n  t h e i r  c o r r e c t  temporal sequence. 
Fo l t z  and White(72) placed s t e r e o t a c t i c  l e s i o n s  i n  t h e  
cingulum b i l a t e r a l l y  i n  11 and u n i l a t e r a l l y  i n  f i v e  p a t i e n t s  
having var ious  types of pain a s soc ia t ed  wi th  a s i g n i f i c a n t  
emotional component. I n  t h r e e  cases  the s i t e  of t he  l e s i o n  
has  been v e r i f i e d  by pa thologic  s tudy.  No change i n  memory 
func t ion  i s  repor ted ,a l though d e t a i l e d  tests w e r e  apparent ly  
no t  performed. 
4. Leucotomy 
The reader  is r e f e r r e d  t o  t h e  review by S t r u c k e t t ( 7 3 )  
f o r  a summary of t h e  c o n f l i c t i n g  r epor t s  of changes i n  i n t e l -  
l e c t u a l  func t ion  fol lowing p r e f r o n t a l  leucotomy ( i n t e r r u p t i o n  
of a vary ing  percentage of t h e  f i b e r  t r a c t s  from the  a n t e r i o r  
f r o n t a l  l o b e ) .  She s tud ied  t h e  e f f e c t  of t h i s  procedure on 
p a t i e n t s  wi th  chronic  schizophrenia .  N o  s i g n i f i c a n t  a l t e r a -  
t i o n  was found i n  t h e  memory q u o t i e n t  of t h e  Wechsler Memory 
Sca le  o r  t h e  Benton Visual  Retent ion Test.  B a r b i ~ e t ( ~ ~ )  has  
d iscussed  the  i n a b i l i t y  t o  r e c a l l  complex not ions  e a r l i e r  
acqui red  i n  p a t i e n t s  wi th  ex tens ive  lobectomies. 
has  reviewed a series of p a t i e n t s  who had varying degrees  of 
b i l a t e r a l  f r o n t a l - l o b e  exc i s ions  f o r  mental d i sease .  I n i t i a l  
Smith (75)  
(71) Whitty,  C.W.M. and Lewin, W. (1960):  A Korsakoff 
syndrome i n  t h e  post-cingulectomy confusional  s ta te .  Brain 
83:648-653. 
(72) F o l t z ,  E.L.  and White, L . E . ,  Jr.  (1961):  Pain " r e l i e f "  
by f r o n t a l  cingulumotomy. 2. Neurosurq. 19:89-100. 
(73) S t r u c k e t t ,  P.B.A. (1953) : Effec t  of  p r e f r o n t a l  
lobotomy on i n t e l l e c t u a l  func t ion ing  i n  chronic  schizophrenia .  
Arch. Neurol. Psychiat .  69:293-304. 
(74) Barb ize t ,  J. (1965):  Lobe f r o n t a l  e t  memoire. Ann. 
Medico-Psychol. 2:289-302. 
(75) Smith, A. (1964):  Changing e f f e c t s  of f r o n t a l  l e s i o n s  
i n  man. J. Neurol. Neurosurq. Psychiat .  27:511-515. 
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F igure  10. Schematic diagram of l e s i o n s  i n  t h e  f r o n t a l  lobe.  
LOjemann - Melnechukl 
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eva lua t ion  had revealed recovery of m e n t a l  func t ion  t o  pre-  
ope ra t ive  l e v e l s  one year  a f t e r  operat ion.  H i s  follow-up 
s tudy ,  10-12 yea r s  la ter ,  revea led  d e f i c i t s  i n  mental  func t ion :  
b u t ,  from t h e  d a t a  presented ,  memory did n o t  appear t o  be 
g r e a t l y  a f f ec t ed .  
B. Traumatic Lesions (see Fig.  10) 
Ghent, Mishkin and Teuber(76) examined i n  d e t a i l  24 
ve t e rans  who had sus t a ined  p e n e t r a t i n g  f r o n t a l - l o b e  i n j u r i e s  
e i g h t  t o  t en  years  p r i o r  t o  t e s t i n g .  To tes t  short- term 
memory, t hese  au tho r s  devised s e v e r a l  t asks  " i n  which t h e  
s t i m u l u s  ma te r i a l  could n o t  be ca tegor ized  r e a d i l y  wi th  
r e fe rence  t o  ve rba l  o r  o t h e r  framework. ' I *  
tes ts  us ing  a r e c a l l  of sequences of d i g i t s  and v i s u a l  forms 
w e r e  a l s o  u t i l i z e d .  Short-term memory was n o t  impaired. 
Conventional memory 
See Appendix f o r  a d e s c r i p t i o n  of t h i s  tes t .  * 
(76)  Ghent, L . ,  Mishkin, M. and Teuber, H.-L. (1962):  
Short- term memory a f t e r  f ron ta l - lobe  in jury  i n  man. J .  Comp. 
Phys io l .  Psychol. 55:705-709. 
48 0 j emann 
F i g u r e  11. 
and cerebral  commissures. 
Schematic diagram of l e s i o n s  i n  t h e  corpus  cal losum 
[Ojemann - Melnechuk] 
DIV ISlON 
A = ANTERIOR COMMISSURE 
AT = ANTERIOR THALAMIC NLJCLEUS 
DM= ~ O ~ S A L - M E D I A L  THALNvllC NUCLEUS 
HC = HIPPOCAiWP.AL COMMISSUQE 
M = MAMMILLARY 60DY 
P = PULVlNAK THALAMIC N U C L E U S  
V =  THIRD VENTRICLE 
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IX. CORPUS CALLOSUM AND CEREBRAL COMMISSURES 
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A. Surqical Division 
In 1962 Bogen and Voge1(77) reported the complete 
sectioning of the corpus callosum and anterior commissure for 
epilepsy. The massa intermedia was said to be absent (but 
the hippocampal commissure is not discussed). There was pre- 
existent brain damage which had an undetermined, but probably 
insignificant, effect on the postoperative finding. 
Gazzaniga (78) evaluated this patient in detail and stated 
that the hippocampal commissure was also divided. S~erry(~’) 
has recently summarized the results of these tests and referred 
to a second patient who had a similar operation. (See Fig. 11 
for a diagram of the lesions.) 
The first patient was a 40-year-old man with above- 
average intelligence. The following were found in the post- 
operative evaluation: 
Functions of the right side of the body (controlled 
by the left hemisphere) were not altered. 
Functions of the left side of the body requiring infor- 
mation normally processed in the left hemisphere, i.e., 
interpretation based on language, and reading in the left 
visual field, were impaired. 
Nonverbal activities performed by the left hand and 
perceived in the right hemisphere could not be recalled by 
the left hemisphere. For example, a visual stimulus card 
could be identified by the left hand after it had been per- 
ceived in the visual field of the right hemisphere. If the 
card was then removed and presented in the visual field of 
the left hemisphere, it could not be described or designated 
as previously having been seen. 
(77) Bogen, J.E. and Vogel, P . J .  (1962): Cerebral c o m m i c  
surotomy in man. Preliminary case report. Bull. Los Anqeles 
Neurol. SOC. 27:169-172. 
(78) Gazzaniga, M.S., Bogen, J.E. and Sperry, R.W. (1962): 
Some functional effects of sectioning the cerebral commissures 
in man. Proc. Nat. Acad. Sci. 48-1765-1769. 
(79) Sperry, R.W. (1964): The great cerebral commissure. 
Sci. Amer. 210:42-52. 
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While a t a s k  r equ i r ing  l e f t  hemisphere c o n t r o l  was 
being performed, any event  being perceived by t h e  r i g h t  
hemisphere might no t  be no t i ced  o r  recorded.  
Both p a r t i a l  and complete d i v i s i o n s  of t h e  corpus 
callosum w e r e  performed by Van Wagenen and repor ted  by 
A k e l a i t i s ( 4 7 )  i n  1943. N o  r e f e rence  t o  any a l t e r a t i o n  i n  
memory func t ion  i s  recorded. 
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X. MULTIPLE BRAIN REGIONS 
Stepie;  and S i e r p i k k i  (41) c a r e f u l l y  examined 50 
p a t i e n t s  wi th  a v a r i e t y  of b r a i n  l e s ions  (tumor 44, t raumat ic  
l e s i o n  3,  abscess  2 ,  and i n c i s u r a 1  s c l e r o s i s  1) involving 
f r o n t a l  lobe i n  15 (12  l e f t ,  3 r i g h t ) :  p a r i e t a l  lobe i n  15 
( 7  l e f t ,  8 r i g h t ) :  temporal lobe i n  1 5  (11 l e f t  and 4 r i g h t ) :  
o c c i p i t a l - p a r i e t a l  junc t ion  i n  4: e n t i r e  hemisphere i n  one. 
The v i s u a l  and aud i to ry  tes ts  used compound s t i m u l i ,  each 
s t imulus  c o n s i s t i n g  of two s i g n a l s  separated by a s h o r t  
i n t e r v a l .  The second s i g n a l ,  tone  o r  l i g h t  b r igh tness ,  was 
compared wi th  t h e  f i r s t  s t i m u l u s .  
An impairment i n  r e c e n t  memory was found i n  only t h r e e  
p a t i e n t s .  I n  one, t h e  l e f t  s i d e  of the b r a i n  had been almost  
e n t i r e l y  removed because of mal ignant  glioma. Involvement 
of  t h e  oppos i te  hippocampal area could no t  be excluded, and 
t h e r e  w a s  a l s o  evidence of severe  i n t e l l e c t u a l  impairment. 
The second case, an i n f i l t r a t i n g  tumor i n  the  l e f t  temporal 
lobe ,  is  d iscussed  on page 35. The t h i r d  case ,  t h e  one 
p a t i e n t  wi th  i n c i s u r a 1  s c l e r o s i s ,  i s  discussed on page 24. 
Nielsen (80) has  r epor t ed  t h r e e  p a t i e n t s  i n  whom the  
removal of an o c c i p i t a l  lobe f o r  tumor was followed by a 
memory d e f i c i t .  Few d e t a i l s  of t h e s e  cases  a r e  given. Unfor- 
t u n a t e l y ,  as wi th  any tumor case ,  t h e  boundaries of t h e  
l e s i o n  are no t  c l ea r , and  a l t e r a t i o n s  i n  b r a i n  func t ion  may be 
widespread due t o  t h e  e f f e c t s  of increased pressure .  The 
s a m e  problems w e r e  emphasized by Williams and Pennybacker (64) 
and app l  t o  t h e  r e p o r t s  of Conrad and Ule,  (81) Sprofkin and 
Sc i a r r a ,  y82) Allison,(83) and Se lecki .  (84) 
(80) Nielson,  J.M. (1956) : P r e s i d e n t i a l  address .  S tud ie s  i n  
memory and amnesia. Trans.  h e r .  Neurol. A s s .  81 : l -7 .  
(81) Conrad, K. and Ule,  G .  (1951):  Ein F a l l  von Korsakow- 
Psychose m i t  anatomischen Befund and Minischen Betrachtungen. 
Deutsch. Z .  Nervenheilk.  165:430-445. 
(82) Sprofk in ,  B.E. and S c i a r r a ,  D.  (1952) : Korsakoff ' s  
psychos is  a s soc ia t ed  with c e r e b r a l  tumors. Neuroloqy 2:427-434. 
(83)  A l l i son ,  R.S .  (1961): Chronic amnesic syndromes i n  t h e  
e l d e r l y .  Proc. Roy. SOC. Med. 54:961-965. 
(84) Se leck i ,  B.R. (1965) : I n t r a c r a n i a l  space-occupying 
l e s i o n s  among p a t i e n t s  admitted t o  mental h o s p i t a l s .  Med. J. 
A u s t r a l i a  1: 383-390. 
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A group of 58 patients with various intracranial 
tumors and other pathology was examined by McFie and Piercy(85) 
Impairment of retention and learning was thought to be related 
to the size of the lesion rather than location. Again, the 
extent of the pathology was not definitely known, and many 
patients had increased intracranial pressure. This conclusion 
was supported by Chapman and Wolff, (86) but the majority of 
reports, reviewed earlier in this paper, indicate that a 
relatively small lesion located in the hippocampal - fornix - 
mammillary body system will alter memory function. 
Enlargement of the lateral ventricles, particularly 
the frontal horns and third ventricle, with compression of 
the surrounding tissue, is associated with hydrocephalus. In 
the syndrome of "normal pressure hydrocephalus" where there 
is apparently no other loss of brain tissue, immediate, recent, 
and remote memory l o s s  have all been recorded in association 
with psychomotor retardation and unsteady gait. Recovery of 
this function is found after the cerebrospinal fluid pressure 
is lowered. (87) 
Several authors have described memory deficits in 
patients with viral encephalitis (3# 41 88f 89) Clinico-pathologic 
correlations have revealed that destructive lesions were most 
prominent in the medial temporal lobes, "limbic system, " or 
mammillary bodies, but abnormalities were not limited to these 
areas. 
- - - ~  -- 
(85) McFie, J. and Piercy, M.F. (1952): Intellectual 
impairment with localized cerebral lesions. Brain 25:292-311. 
(86) Chapman, L.F. and Wolff, H.G. (1959): The cerebral 
hemispheres and the highest integrative function of man. 
Arch. Neurol. 1:357-424. 
(87) Adams, R.D., Fisher, C.M., Hakim, S., Ojemann, R.G. 
and Sweet, W.H. (1965): Symptomatic occult hydrocephalus 
with "normal" cerebrospinal-fluid pressure. New Enqland J. 
- Med. 273:117-126. 
(88) Rose, F.C. and Symonds, C.P. (1960): Persistent 
memory defect following encephalitis. Brain 83:195-212. 
(89) Drachman, D.A. and Adams, R.D. (1962): Herpes simplex 
and acute inclusion-body encephalitis. Arch. NeUrOl. 7: 
45-63. 
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Cer t a in  cases  of s e n i l e  dementia which a r e  cha rac t e r -  
i zed  mainly by a l o s s  of memory show l e s ions  which a r e  most 
prominent i n  t h e  h i  pocampal formation,  although n o t  l i m i t e d  
t o  t h a t  r eg ion . (3*4r  I n  o t h e r  p a t i e n t s ,  however, t he  changes 
are most prominent i n  the  co r t ex . (5 )  The memory d e f e c t  i s  
v a r i a b l e .  Both r e c e n t  and d i s t a n t  memory may be impaired, 
a l though t h e  former i s  usua l ly  more severely involved. 
A l a r g e  number of r e p o r t s  have discussed t h e  r e t rog rade  
amnesia and d e f e c t s  i n  memory fol lowing head trauma. ( 6 t 9 0 # 9 3 )  
Unfortunately,  good c l in ico-pa thologic  c o r r e l a t i o n s  have no t  
been repor ted  i n  r e fe rence  t o  the  loss of memory func t ion  
fol lowing head in ju ry .  I n  a series of war i n j u r i e s ,  Russel 
and E s p i r ( g 1 )  found t h a t  smal l  wounds i n  the l e f t  temporal lobe 
cause a per iod  of pos t - t raumat ic  amnesia which is  longer  than 
f o r  s i m i l a r  wounds i n  o t h e r  a reas  of the b r a i n ,  inc luding  the  
r i g h t  temporal a rea .  (Also see Fron ta l  Lobe, page 44.) 
Other r e p o r t s  by U l e  (94) and Grunthal ( 9 5 1  96) desc r ibe  
va r ious  d i seases  a s soc ia t ed  wi th  a memory d e f i c i t  where the 
l e s i o n s  w e r e  most prominent i n  t h e  medial p o r t i o n s  of t h e  
temporal lobe b u t  w e r e  n o t  l i m i t e d  t o  t h i s  region.  
a f t e r  head i n j u r y .  J. Neurol. Neurosurq. Psychia t .  15:54-58. 
(90) Williams, M. and Zangwill ,  O.L. (1952): Memory d e f e c t s  
(91) Russel,  W. and Esp i r ,  M.L.E. (1961): Traumatic Aphasia: 
A Study of Aphasia i n  War Wounds of t h e  Brain.  London: Oxford 
Un ive r s i ty  Press. P. 144. 
(92) Lur ia ,  A.R. (1963): Res tora t ion  of Function a f t e r  Brain 
I n j u r y .  (Transl .  B. Haigh; Trans l .  ed i t ed  by O.L. Zangwil l ) .  
New York: Macmillan. Pp. 240-241. 
(93) Walker, A.E. and Jablon,  S. (1961): A Follow-up Study 
of  Head Wounds i n  World W a r  11. (VA Medical Monograph) Washing- 
ton ,  D.C.: U.S. Government P r i n t i n g  Off ice .  Pp. 46-53. 
(94) U l e ,  G .  (1958) : Pathologisch-anatomische Befunde bei 
Korsakow-Psychosen und i h r e  Bedeutung filr d i e  Loca l i s a t ions l eh re  
i n  d e r  Psych ia t r i e .  Ar t z l .  Wschr. 13:6-13. 
(95) Grfinthal, E. (1947) : Uber das  k l i n i s c h e  B i ld  nach 
umschriebenem b e i d e r s e i t i g e n  Aus fa l l  der Ammonshornrinde. Ein 
B e i t r a g  zur  Kenntnis de r  Funktion des  Ammonshorns. Mschr. PSY- 
c h i a t .  Neurol. 113:l-16. 
(96) Grtlnthal,  E. (1961): C i t ed  by Victor ,  M.,  e t  a l . ,  i n  
r e fe rence  3 .  
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It has been demonstrated that specific brain regions 
are necessary for certain aspects of general memory function. 
Surgical removal, destruction by a disease process, 
or electrical abnormality of the two hippocampal areas will 
cause a permanent alteration in memory. What is the deficit 
produced? Memory of events from the distant past remains 
intact. The hippocampus is not the storage area and is not 
necessary for recall of these events. The individual is pre- 
sented with an event in his environment and is able to record 
this event and retain it for up to several minutes if his 
attention is not distracted or the event is not too long or 
complex. Once attention is altered, even momentarily, the 
event is forgotten. The ability to retain information even 
for this brief period also depends to a great degree on the 
complexity of the event. The impairment therefore is one of 
inability to permanently record and store the incoming infor- 
mation. Temporary recording (recent memory) is not completely 
abolished. 
How does the bilateral function of the hippocampus 
interact with new information? Is it necessary in order to 
maintain the storage of the engram in the primary perceptual 
system prior to delocalization? Or does the hippocampus 
maintain some temporary control over the recently delocalized 
engram -- a"stamping in" or a "booster" mechanism? The varying 
period of amnesia for events of the past, often accompanying 
bilateral loss of hippocampal function, would be consistent 
with these mechanisms. Jasper (97) has reported that amnesia 
following stimulation in the medial temporal regions does not 
occur until the after-discharge has spread to the neocortex. 
On the other hand, as Sweet et al., (48) have noted: 
"one can ... utilize the model of a probabilistic 'cell assembly' 
as suggested by Hebb for the memory trace. Its availability 
to recall then depends on the complexity of its interrelation- 
ships with other significant memories or concepts (i-e., on 
its 'embeddedness'). Within such a model, the hippocampal - 
fornix - mammillary system (which is increasingly implicated 
in 'motivational' or 'emotional' states), might operate in 
parallel to the primary perceptual system to add 'significance' 
-- 
(97) Nauta, W.J.H. (1964): Some brain structures and 
functions related to memory. Neurosciences Res. Proq. Bull. 
2 (5) :15. 
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t o  a percept ion  and determine i t s  'embedding.' Such an 
hypothes is  might a l s o  account f o r  occas iona l  s h i f t s  i n  perform- 
ance under s t a t e s  of high motivat ion."  
The amygdala, ad j acen t  t o  the a n t e r i o r  por t ion  of t h e  
hippocampus, does no t  s e e m  t o  be necessary f o r  memory func t ion .  
The r o l e  of t h e  fo rn ix  i n  memory has  not  been s e t t l e d .  
I t  would appear,  however, from t h e  two cases  s tud ied  i n  g rea t -  
es t  d e t a i l ,  t h a t  i n t a c t  b i l a t e r a l  func t ion  of t h i s  s t r u c t u r e  
is  necessary  f o r  record ing  ongoing events .  The impairment i s  
n o t  as severe  as t h a t  noted wi th  b i l a t e r a l  loss  of hippocampal 
func t ion .  One of  t hese  cases w a s  ab le ,  by concent ra ted  e f f o r t ,  
t o  l i n k  ongoing events  wi th  d i s t a n t  memory and thereby r e c a l l  
t h e  r e c e n t  event .  This could n o t  be done by t h e  p a t i e n t s  
wi th  b i la te ra l  hippocampal l e s ions .  I n  the absence of t h e  
f o r n i x  from b i r t h  some compensatory mechanism appears t o  have 
taken over  i t s  func t ion .  
The c l a s s i c a l  s ta tement  t h a t  mammillary bodies  a lone 
a r e  e s s e n t i a l  i n  memory func t ion  (based on e f f e c t s  of t h e  
l e s i o n s  i n  Korsakoff ' s  psychosis)  has  been a l t e r e d  by t h e  con- 
s t a n t  f i nd ing  of  pa thologic  l e s i o n s  i n  t h e  thalamic dorsa l  
medial  nucleus and medial  po r t ion  of t h e  pu lv ina r  nucleus.  
I t  is  apparent  t h a t  a l e s i o n  i n  t h i s  region w i l l  a l s o  cause 
a permanent d e f i c i t  i n  memory func t ion  wi th  bo th  hippocampal 
areas be ing  i n t a c t .  
Des t ruc t ion  of t h e  mammillary bodies due t o  hemorrhage 
has  been a s soc ia t ed  wi th  a severe  d e f i c i t  i n  recording of on- 
going events .  S t e r e o t a c t i c  l e s i o n s  presumed t o  be loca ted  i n  
t h e  d o r s a l  medial  nucleus of the  thalamus may a l s o  i n t e r f e r e  
wi th  a c q u i s i t i o n  of new m a t e r i a l  as w e l l  as r e t e n t i o n  of  
p rev ious ly  l ea rned  information.  Although t h i s  nucleus does 
n o t  r ece ive  d i r e c t  p ro j ec t ion  from t h e  hippocampal - fo rn ix  - 
mammillary system, it does i n t e g r a t e  v i s c e r a l  and somatic 
impulses w i t h  o t h e r  thalamic and hypothalamic n u c l e i  and 
connects  wi th  t h e  f r o n t a l  c o r t e x  as a primary mechanism i n  
t h e  c o n t r o l  of  a f f e c t i v e  responses .  The r e l a t i o n s h i p  of 
a f f e c t  and memory has  been d iscussed  i n  t h e  In t roduct ion .  
When t h e  corpus callosum, a n t e r i o r  and hippocampal 
commissures are d iv ided ,  the memory of an event  e n t i r e l y  con- 
f i n e d  t o  one hemisphere cannot  be reca l l ed  by the  o t h e r  hemis- 
phere.  This would suppor t  t h e  content ion t h a t  under normal 
c i rcumstances t h e r e  i s  probably moderately r ap id  de loca l iza-  
t i o n  of  t h e  engram. 
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Bilateral lesions in the cingulate gyrus may cause a 
temporary inability to organize events in a correct time 
sequence. Memory is not altered by other frontal lobe 
lesions. 
Lesions in the lateral temporal, paxietal, and occipi- 
tal lobes have not been associated with permanent alterations 
in memory function as a whole. Complete loss of all past 
memory and inability to record new information for special 
functions such as meaning of a word or identification of an 
object are found with certain neocortical lesions. 
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t APPENDIX 
TESTS OF MEMORY FUNCTION 




2 .  





Six simple questions of personal and current 
information. Example: Who is the president of 
the U.S.? 
Five simple questions to test immediate orientation. 
Example: What year is it? 
Mental Control 
a. Counting backwards from 20 to 1. 
b. Repeating the alphabet 
c. Counting by three's 
Logical memory (immediate recall). 
The patient is given two passages to memorize. 
The score is based on the average number of 
ideas which are correctly recalled from the 
two passages. 
Memory span for digits forwards and backwards. 
Visual reproduction. 
The patient is asked to draw from memory single 
geometric figures exposed for a period of 10 
seconds. 
The patient is presented with 10 paired associates, 
some easy and some hard, which he is required to 
learn in three trials. 
Associate learning. 
The details of the complete test are outlined by 
Wechsler. (98) 
The memory quotient (Ma) is determined as follows: 
1. Scores for each of the seven subtests are added. 
2 .  To this total a value is added which depends on 
3 .  This corrected score is then found in a table which 
the age of the individual. 
gives the corresponding memory quotient. 
(98) Wechsler, D. (1945) : A standardized memory scale for 
clinical use. J. Psychol. 19:87-95. 
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The method is e s s e n t i a l l y  empi r i ca l  and w a s  a r r i v e d  a t  
by p l o t t i n g  t h e  mean memory sco res  f o r  d i f f e r e n t  ages a g a i n s t  
t h e  weighted sco res  of  t h e  Bel levue Sca le  (age group 20-24 
years )  and then  t r y i n g  o u t  va r ious  cons t an t s  which would keep 
t h e  mean MQ f o r  any age group equ iva len t  t o  t h e  mean I Q  of 
t h e  age group. 
Konorski Compound Auditory and Visua l  T e s t  f o r  Recent Memory 
Examination of r e c e n t  memory us ing  t h e  methods desc r ibed  
by Konorski, (99) a s  o u t l i n e d  by  Step ien  and Siep inski (41)  : 
" W e  app l i ed  t h e  compound a u d i t o r y  and v i s u a l  s t i m u l i ,  the 
dura t ion  of  t h e  p r e s e n t a t i o n  per iod  f o r  each s i g n a l  be ing  2 
seconds and t h e  i n t e r v a l  between two s i g n a l s  of  t h e  compound 
from 10 t o  120 seconds. The p a i r s  of  i d e n t i c a l  and d i f f e r e n t  
p i t c h  of tones o r  t h e  r ed  l i g h t  o f  i d e n t i c a l  and d i f f e r e n t  
i n t e n s i t y  of  b r igh tness  w e r e  used i n  our  examinat ions.  The 
s t imulus  tones  and l i g h t s  w e r e  produced by  a gene ra to r  appa- 
r a t u s  wi th  an automatic  t i m e r  which c o n t r o l l e d  t h e  d u r a t i o n  
o f  t h e  s t imulus  and r e g i s t e r e d  t h e  s t r e n g t h  and t h e  l a t e n t  
per iod  of  r eac t ion .  A s  t h e  aim of  our  i n v e s t i g a t i o n s  w a s  
t h e  examination o f  r ecen t  memory and n o t  of t h e  a b i l i t y  t o  
perform d i f f i c u l t  or delicate d i f f e r e n t i a t i o n s  of t h e  a u d i t o r y  
and v i s u a l  s t i m u l i ,  w e  always app l i ed  very  l a r g e  d i f f e r e n c e s  
i n  tones  a s  w e l l  a s  i n  b r i g h t n e s s  of  t h e  red  l i g h t .  
" A t  t h e  beginning of  t h e  examination w e  expla ined  t h e  
appara tus  t o  t h e  p a t i e n t  and he  w a s  i n s t r u c t e d  t o  p r e s s  t h e  
s p r i n g  connected wi th  t h e  r eco rd ing  ins t rument  when t h e  two 
s i g n a l s  of t h e  compound a u d i t o r y  or v i s u a l  s t imu lus  would be 
i d e n t i c a l .  On t h e  o t h e r  hand, when t h e  second s i g n a l  would 
d i f f e r  from t h e  f i r s t ,  he  should  l eave  t h e  s p r i n g  a lone .  
These i n s t r u c t i o n s  w e r e  r epea ted  and t r i a l s  g iven  u n t i l  w e  
w e r e  q u i t e  s u r e  t h a t  t h e  p a t i e n t  understood the task. 
"When the  p a t i e n t  showed no d i f f i c u l t y  i n  d i f f e r e n t i a -  
t i o n  wi th  an i n t e r v a l  of 120 seconds between two s i g n a l s ,  t h e  
t a s k  was made more d i f f i c u l t  by  in t roduc ing  i n  t h e  middle of  
t h e  i n t e r v a l  an a d d i t i o n a l ,  d i s t r a c t i n g  s t imu lus ,  which tu rned  
t h e  p a t i e n t ' s  a t t e n t i o n  from t h e  proper  t a s k ,  i . e . ,  from 
keeping i n  mind t h e  r e c e n t  memory traces of t h e  f i r s t  s i g n a l .  
The d i s t r a c t i n g  s t imulus  was always from ano the r  a n a l y s e r  than  
t h e  one by which r e c e n t  memory was examined. For example, 
(99) Konorski, J. (1948) : Condit ioned Reflexes and Neuron 
Orqanizat ion.  (Trans l .  S. Garry . )  London: Cambridge U n i v e r s i t y  
Press .  
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I - -  dur ing  examination of aud i to ry  r e c e n t  memory the  d i s t r a c t i n g  
s t imulus ,  given i n  t h e  i n t e r v a l  between two tones ,  w a s  t h e  
red  o r  green l i g h t .  when t h e  red  l i g h t  was appl ied  t h e  
p a t i e n t  should p re s s  t h e  sp r ing  of t he  record ing  appara tus  
b u t  a f t e r  l i g h t i n g  t h e  green lamp he  should leave  t h e  s p r i n g  
a lone .  
In  a c o n t r o l  group of 1 2  p a t i e n t s  wi th  pe r iphe ra l  nerve 
i n j u r i e s  o r  ep i l epsy ,  no d i f f i c u l t y  was observed i n  d i f f e r e n -  
t i a t i o n  wi th  a 120-second i n t e r v a l  between two s i g n a l s  and 
wi th  a d i s t r a c t i n g  s t i m u l u s  i n  the  middle of t h e  i n t e r v a l . "  
Benton Visual  Retent ion T e s t  
This t e s t  i s  descr ibed  i n  d e t a i l  i n  t h e  monograph by 
Benton1100) 
cards  on which des igns ,  c o n s i s t i n g  o f  one o r  more f i g u r e s ,  
have been drawn. The ind iv idua l  i s  asked t o  s tudy  the design 
f o r  10 seconds: t he  ca rd  is  removed and he i s  asked t o  draw 
t h e  des ign .  Severa l  modi f ica t ions  o f  t h i s  basic t e s t  a r e  
descr ibed .  For normal ind iv idua l s ,  Benton found t h a t  t h e  
r e s u l t s  of t h i s  t es t  c o r r e l a t e  f a i r l y  wel l  wi th  sco res  on 
s t anda rd  i n t e l l i g e n c e  t e s t s  and w i t h  chronologic age. 
The s u b j e c t  is  presented  with a series of  10 
Nelson New Word Learninq and Retent ion T e s t  
Meyer and Yates (38) have descr ibed t h i s  t e s t ,  o r ig ina t ed  
by Nelson: " I n  t h i s  t es t  t h e  s u b j e c t  is f i r s t  given a 
vocabulary t e s t  i n  t h e  usua l  way (Binet  is  used p reope ra t ive ly ,  
Wechsler pos tope ra t ive ly )  u n t i l  f i v e  consecut ive words are 
f a i l e d .  The s u b j e c t  is  then requi red  to l e a r n  the  meaning of  
t h e s e  f i v e  un fami l i a r  words u n t i l  he  has given t h r e e  success-  
f u l  d e f i n i t i o n s  -- n o t  n e c e s s a r i l y  th ree  consecut ive  success-  
f u l  d e f i n i t i o n s .  The d e f i n i t i o n s  given t o  t h e  s u b j e c t  a r e  
taken from B i n e t ' s  and Wechsler ' s  f o r m s ,  and a r e  changed a t  
each p resen ta t ion  t o  avoid r o t e  learning.  I t  was known 
(Nelson, 1953) t h a t  normal s u b j e c t s  learned i n  f i v e  t r i a l s ,  
i . e . ,  requi red  only  one d e f i n i t i o n  f o r  each word i n  o rde r  t o  
l e a r n  the meaning of it." 
Ghent-Mishkin-Teuber T e s t s  f o r  Short-Term Memory 
Ghent, Mishkin and T e ~ b e r ( ~ ~ )  descr ibed four  t a s k s ,  
(100) Benton, A.L.  (1955) : The Revised Visual  Retent ion 
T e s t :  C l i n i c a l  and Experimental Applicat ions.  New York: The 
Psychological  Corporat ion.  
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devised t o  t es t  short- term memory, involving a s t imulus ' '  ... 
t h a t  cannot be ca t egor i zed  e a s i l y  a t  t h e  moment of exposure 
e i t h e r  ve rba l ly  o r  wi th  r e fe rence  t o  an e x t e r n a l  framework." 
"Line tes t .  A rod 1 yd. i n  length  and 10 f t .  away 
w i l l  be  t i l t e d  t o  a c e r t a i n  angle  and then it w i l l  be lit 
f o r  2 s ec .  You w i l l  see it as a very  d i g  red s l a n t i n g  l i n e .  
Right a f t e r  t he  rod l i g h t  i s  switched o f f  ( o r ,  sometimes, 
1 5  sec. a f t e r ) ,  it w i l l  be switched on aga in ,  b u t  t h i s  t i m e  
t h e  l i n e  w i l l  be  v e r t i c a l .  I t  w i l l  then be moved s lowly i n  
t h e  d i r e c t i o n  of i t s  o r i g i n a l  t i l t ,  and you a r e  t o  t e l l  m e  
when it has reached i t s  o r i g i n a l  pos i t i on . "  
"Tactual  -- po in t - loca l i za t ion .  The S with  h i s  eyes 
c losed ,  palm upturned on knee,  wi th  h i s  f i n g e r s  extended and 
he ld  f l a t  by E. A 60-mm. l i n e ,  wi th  24 d i v i s i o n s  2.5 nun. 
a p a r t ,  was stamped lengthwise on t h e  middle of S ' s  palm. A 
po in t  on t h e  l i n e  w a s  touched l i g h t l y  with a b l u n t  s t y l u s  f o r  
2 s e c . ,  and S w a s  t o l d  t o  r e m e m b e r  t h e  p o s i t i o n  of t h i s  po in t  
( t h e  s t anda rd ) .  E i the r  immediately, o r  a f t e r  1 5  s e c . ,  1 2  
po in t s ,  inc luding  t h e  o r i g i n a l  one, w e r e  touched b r i e f l y  i n  
a prearranged random orde r ,  wi th  an i n t e r v a l  of 1 sec .  
between success ive  c o n t a c t s .  A t  each c o n t a c t  S w a s  asked 
whether it f e l l  a t  t h e  o r i g i n a l  p o s i t i o n  o r  no t .  The e r r o r  
was def ined a s  t h a t  po in t  f u r t h e s t  from t h e  c o r r e c t  p o i n t  
which S accepted as matching it." 
"Visual  p o i n t - l o c a l i z a t i o n .  The S w a s  s ea t ed  b e f o r e  
a s tandard  per imeter  i n  t h e  completely darkened room and w a s  
i n s t r u c t e d  t o  f i x a t e  a dim red  l i g h t  i n  t h e  c e n t e r  of t h e  
per imeter  .... The r i d e r  on t h e  per imeter ,  c a r r y i n g  a la t a r g e t  
made luminous wi th  white  f l u o r e s c e n t  p a i n t ,  w a s  moved t o  one 
of t h e  four  s tandard  p o s i t i o n s  along t h e  h o r i z o n t a l  meridian 
i n  e i t h e r  t h e  l e f t  o r  t h e  r i g h t  f i e l d .  The fou r  p o s i t i o n s  
w e r e  24O, 48O, 1 2 O  and 36O ( i n  t h a t  o r d e r )  from t h e  f i x a t i o n  
po in t .  The t a r g e t  w a s  exposed f o r  2 sec., and S was i n s t r u c -  
t e d  t o  a t t e n d  t o  i t s  p o s i t i o n  wi thout  s h i f t i n g  f i x a t i o n .  For 
each s tandard  p o s i t i o n  t h e r e  w e r e  1 2  choice  p o i n t s ,  i nc lud ing  
t h e  s tandard  p o s i t i o n  i t s e l f ,  1.5O a p a r t ,  t hus  cover ing  an 
angular  d i s t a n c e  of 1 8 O  along t h e  h o r i z o n t a l  meridian."  
"Body tilt. The w a s  s e a t e d  i n  a t i l t i n g  c h a i r  and 
then b l ind fo lded .  The c h a i r  w a s  t i l t e d  20° f o r  5 sec., and 
- S was t o l d  t o  remember t h e  degree of  tilt. The c h a i r  w a s  
then qu ick ly  brought  t o  t h e  u p r i g h t  p o s i t i o n  and t i l t e d  aga in  
s lowly (about lo per  sec.) u n t i l  S i n d i c a t e d  t h a t  he w a s  i n  
t he  same p o s i t i o n  of tilt a s  before; a d e l a y  cond i t ion  w a s  no t  
included.  'I 
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I. INTRODUCTION 
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The modern recognition that human and animal memory 
can be treated by the methods of exact science has opened up 
a wealth of stimulating studies of biochemical and biophysi- 
cal nature. Without going into any details of the current 
research in this intriguing field, we would like to introduce 
our consideration by summing up the requirements imposed on 
memory devices as an integral part of cybernetic self- 
organizing systems. By "memory devices" we mean in the fol- 
lowing paper the means for recording, storage and readout of 
individual experience, to be distinguished from the heredi- 
tary memory which underlies the master plan of an organism. 
The restricted "phenotypic memory" discussed here requires 
therefore a priori communication with the external world 
which permits the transmission of suitable stimuli to the 
site of recording and storage. In a general sense, the ex- 
ternal stimulus is to act as an input which causes an inter- 
nal transition from one state to another and by relatively 
small energy expenditure. Moreover, we expect the new state 
of the memory device to persist for sufficiently long periods 
of time -- or to put it in another form -- the memory record 
should be retained and stored. A dead storage of information 
is evidently of little use, so that a suitable readout mech- 
anism is needed capable of "bringing memory to mind," recall- 
ing or remembering past experience. Finally, the retrieved 
information should be reorganizable, or there should exist a 
possibility bf matching the memory recalled from storage with 
new information flowing in from the surroundings. 
It is clear that these requirements limit severely the 
choice of possible memory mechanisms, both from the energetic 
and structural points of view. The consensus of opinion 
tends to regard the classical point of view, which believed 
that memorizing is based only on suitable neuronal circuits, 
to be untenable on energetic, physiological and statistical 
grounds. While the first step in the process of memorizing 
seems to be indeed a short-lived nervous current, established 
in response to an external stimulus, it is followed by a 
lonq-lived imprint, probably on a subcellular level. The 
record in the first step can be wiped out by physical and 
chemical agents, while the more permanent second step can 
withstand sleep or coma, concussion or electrical shock, epi- 
leptic fit and the intracranial action of several metabolic 
poisons. A subcellular record may be stored in macromolecules 
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or in intracellular structures whose nature is still open to 
wild speculation. In the following we shall discuss a phys- 
ical recording mechanism which may play some role in biolog- 
ical storage of acquired information. 
During the past five years several working hypotheses 
storage and readout. 
have been advanced for the interpretation of subcellular 
L. Szilard(l) and afterwards :zz:y2) and Smith(3) suggested that an induced enzyme is in- 
volved in the process. It was assumed that a transmitter 
substance of acetylcholine type causes the formation of an 
induced enzyme, which then develops an inhibitor to stop the 
process. Silverstein pointed out that there is a close 
analogy between memory and immunity mechanisms. (4) There is 
no need to recite the interesting experiments of Hyde'n and 
his co-workers (5) on the quantitative and structural relation 
between nuclear RNA and learning processes in several lower 
mammals. These experiments were followed by the well-known 
experiments of McConnell(') and of Corning and 
relation between planarian learning and RNA accumulation and 
transmission. Whatever be the significance of RNA in learn- 
ing and memorizing processes, it seems that a relation between 
protein synthesis and memory is established by the experiments 
of Flexner and his co-workers ( * )  on intracranial injection of 
puromycin into mice before and after learning and by the ex- 
periments of Agranoff with goldfish. (9) A s  pointed out by 
Appel (lo) whatever be the molecular mechanism of acquired 
memory imprinting, it is highly improbable that single and 
definite macromolecules may act as durable carriers of long- 
term memory. The lifetime of RNA or protein molecules in the 
living cell is so short that in order to perpetuate an 
information-rich molecule, a synthetic process has to be in- 
volved, or the imprint has to be transmitted to a structure 
of higher permanence such as a cellular or intracellular 
membrane. 
on the 
All the mechanisms suggested above assume that memory 
imprints involve changes in the primary structures of suitable 
macromolecules. The aim of the present paper is to indicate 
that there exists also the possibility of a physical record 
in biopolymers based on conformational changes in single 
macromolecules or in cellular macromolecular structures such 
as membranes. Well-known examples of physical memory devices 
are the magnetic tape of tape recorders and the ferromagnetic 
and ferritic memory devices of electronic computers. All 
these systems utilize hysteresis cycles and are characterized 
by their ability to retain an irreversible imprint of previous 
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experience -- which is not wiped out either by the readout 
process or by the impact of ordinary environmental factors. 
On the other hand, by applying a suitable field it is possible 
to overcome the energy barriers which had maintained the per- 
manence of the imprint, bring the system to its initial state 
and enable a new record to be accommodated. This group of 
physical recording devices are "time-independent irreversible" 
systems, in which the long time that the records are retained 
suggests an equilibrium state of stability: but the fact that 
the records may be transformed irreversibly, and at low ex- 
penditures of energy, to the memoryless initial state shows 
instead that the record is in the non-equilibrium state of 
metastability. 
The present consideration is based partially on an un- 
published paper of Cox and Katchalsky on hysteresis phenomena 
in RNA solutions. Since hysteresis is a suitable indicator 
for the existence of metastable forms of high permanence, the 
following discussion of hysteresis will serve us as an intro- 
duction to a more general consideration of metastable macro- 
molecular conformations endowed with a capacity to memorize 
the imprint of surrounding events. 
11. GENERAL CONSIDERATION OF HYSTERESIS PHENOMENA 
A .  Macroscopic Systems 
Since the discovery of ferromagnetic hysteresis a 
hundred years ago, it has been realized that hysteresis cycles 
are endowed with a physical memory -- a point stressed in 
particular by Ludwig Boltzmann. Since by definition equili- 
brium states are reversible, only states of equilibrium are 
memoryless and independent of the path of their formation, 
while all non-equilibrium states comprise a memory of pre- 
vious events by virtue of their dependence on the irreversible 
path of their formation. The peculiar property of hysteresis 
cycles is that despite their irreversible nature, the states 
formed are time-independent under ordinary conditions. 
Indeed, it is this intriguing time independence of a process 
dependent on the history of the system which underlies the 
very definition of hysteresis, according to Everett('') : "If 
upon going from A to B and from B to A ,  the independent pa- 
rameter (responsible for the change) causes the dependent pa- 
rameter to retrace the same values, we have an equilibrium or 
reversible process. There are however processes in which even 
thouqh the chanqes are carried out exceedinsly slowly the 
I 
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path from A to B is different from that during the change from 
B to A .  If the points on both paths correspond to stable, re- 
producible values of the dependent variable, then the change 
A+B is said to exhibit hysteresis." Everett further adds that 
hysteresis phenomena are also characterized by scanninq curves, 
which are also stable and reproducible (see below). 
A wealth of hysteresis phenomena have been described 
in the physical and chemical literature. In ferromagnetics, 
the intensity of magnetization as a function of magnetic field 
strength exhibits a pronounced hysteresis cycle: similarly, 
for ferroelectrics, the dependent variable is the electric 
polarization while the independent parameter is the external 
field strength. These two cases are well known in electrical 
technology, and during the last years came to prominence as 
memory devices in electronic computers, either as bulk mater- 
ials or as ultrathin films. The physical chemists are familiar 
with the hysteresis of an adsorption-desorption cycle, where 
the partial pressure of the vapors plays the role of an inde- 
pendent variable, while the amount adsorbed is the dependent 
variable. During the last twenty years a wealth of data has 
accumulated on hysteresis in melting-crystallization cycles 
of simple crystals such as NH4C1, NH4Br and solid hydrogen 
halides. Finally, it is well known that the application of 
stress to many solids produces strain which follows a closed 
hysteresis loop and plays a special role in the definition of 
the performance of technical rubbers. 
B. Elementary Processes 
Despite the requirement that the macroscopic run of a 
hysteresis cycle is required to correspond to stable values 
of the dependent parameter, there is little doubt that the 
elementary processes underlying the phenomenon imply meta- 
stable states and abrupt irreversible transitions, smeared 
out in a larger assembl of elements. Thus, following the 
discussion of T.L. on adsorption phenomena, we may 
state that the basic transition of a single element is char- 
acterized by a curve of a van der Waals type with well- 
developed metastable states, schematically diagrammed in 
Fig. 1. When sufficiently high energy barriers prevent the 
equilibrium transition at E,it might be expected that meta- 
stability will develop, followed by the abrupt non-equilibrium 
transition characteristic of metastability. The transition 
from A to B will take place at a different value of the ex- 
ternal parameter from that from B to A .  Thus, in contradis- 
tinction to a state of equilibrium the internal parameter is 
not a single-valued function of the external parameter: and 
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Figure 1. H y s t e r e t i c  behavior  r e s u l t i n g  from t h e  e x i s t e n c e  
of metas tab le  s t a t e s  (schematic)  . [Katchalsky]  
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in both metastability ranges of A and B, the value of the in- 
ternal parameter will depend on the history, i.e., on whether 
the curve is traced from A towards B or from B towards A. 
A visual model proposed by Everett may serve for a 
better grasp of the behavior (Fig. 2). Consider an electric 
circuit operated by a source of electromotive force E and pro- 
vided with an ammeter G. The circuit may be closed by estab- 
lishing contact between two contact points C, rigidly fixed 
on two magnets M which attract each other. One of the points 
and magnets is fixed in position, while the other point with 
its magnet is attached to a bimetallic element. The bimetal 
changes its shape according to thermally produced strain which 
varies with the temperature of the surrounding heat bath of 
variable temperature T. Upon increasing the temperature, the 
bimetal is bent towards the closed position; and at a certain 
temperature T1, when the magnets are sufficiently close, the 
magnetic attraction will become stronger than the thermo- 
mechanical forces and effect a meeting of the contact points, 
and the circuit will close. Any further increase in temper- 
ature will have no effect on the flow of electricity (i) since 
i is determined by E and by the resistance R ,  both of which 
stay outside the thermostat. Thus, upon increasing the tem- 
perature from its initial value To to T, the path ABCD of 
Fig. 3 will be traced. 
Upon reducing the temperature from T to T1' the contact 
will not be opened and the value of i will not fall to zero as 
expected in a reversible process because the attraction of the 
magnets will prevent the contacts from opening. It is only 
when T will be reduced to T2 that the mechanical stress in the 
bimetal will suffice to overcome the magnetic attraction and 
revert the circuit to its initial open state. Thus, the path 
traced upon cooling will be DCEFA, and an area of metastabil- 
ity BCEF will remain as a kind of "hysteresis loop." The cy- 
cle depicted in Fig. 3 is time-independent and may be repeated 
any number of times without following the equilibrium transi- 
tion (dashed line) between the open and closed circuit states. 
Here the macroscopic energy barriers are clearly provided by 
the attraction of the magnets and by the rigidity of the bi- 
metal, and it is these energy barriers which compel the system 
transitions to go around equilibrium, at higher and lower tem- 
peratures, respectively, than the equilibrium temperature. 
It will be noted however that the cycle of the model is 
not a true, closed, hysteresis loop since the temperatures Ti 
and T2 correspond to points of discontinuity. 
the joint operation of numerous elements of the type depicted 
It is only by 
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Figure 2. Everett's model. [Katchalsky] 
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Figure 3. Electric current i as function of temperature T. 
[ Katchalsky 1 
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in Figs. 2 and 3, with a given distribution of transition 
points for both the forward and backward change from A to B 
and from B to A, that we may expect a smooth and continuous 
hysteresis cycle. In real systems the elementary processes 
have been demonstrated to take place in microscopic domains, 
each characterized by a single set of transition parameters. 
In a slow magnetization of a hard polycrystalline ferromagnetic 
materia1,Barkhausen could demonstrate that the smooth macro- 
scopic curve consists of numerous jumps which could be ampli- 
fied to audible clicks. Later,Francis Bitter could make do- 
mains visible as dark and light paths on single crystals of 
Fe304. 
lying hysteresis is the existence of scanning curves: If a 
process is stopped at certain points on the hysteresis cycle 
and reversed in direction, it is possible to trace curves 
backward within the loop, which do not coincide with the 
boundary curves of a loop such as Fig. 1. The scanning 
curves are clearly due to the fact that upon reaching the 
start-ing point of such curves only part of the domains had 
been brought to transition, so that the scanning curve re- 
flects an intermediate system which is partially in state A 
and partially in state B. A careful analysis of the scanning 
curves permits the evaluation of the distribution of domains 
and their characteristic transition points 
Enderby (13) ) . 
An indirect but readily demonstrable phenomenon under- 
(Everett, (l1) 
C. Macromolecular Systems 
On a priori grounds, it is imaginable that conforma- 
tional transitions in macromolecules might also exhibit hys- 
teresis phenomena, since such transitions are often based on 
crossing high-energy barriers intrinsic to the size and com- 
plexity of macromolecular structure, where equilibrium trans- 
itions would not be expected. Moreover, the existence of 
various distributions of functional side groups along the 
macromolecules makes possible the existence of different do- 
mains with a wide range of transition points. It is therefore 
of interest to investigate whether true hysteresis loops can 
be discerned in single macromolecules in solution or in macro- 
molecular aggregates, whose domain structure may then serve 
as record of biological change. 
111. AN ANALYSIS OF THE HYSTERESIS BEHAVIOR OF RNA 
A .  Experimental Results 
Several years ago Cox et al; (I4) found that upon 
titrating RNA from different sources potentiometrically, a 
80 
ln 
Katchalsky & Oplatka 
3.0 4 -0 5aO 6.0 7.0 8 10 980 W 
Figure 4. Hysteresis loop (curves I and IIc) with scanning 
curves (IIa and IIb) of ribosomal RNA from E. coli [in 0.1 M 
NaCl at 0.4OC; "4 P g. atoms" = four gram-atoms of phosphorus). 
[cox (lb) 3 
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reproducible and time-independent hysteresis loop is obtained. 
A subsequent study by Cox and Littauer (15) confirmed and ex- 
tended the earlier observation and showed the generality of 
the phenomenon in a wide range of R N A ' s .  Subsequent measure- 
ments by Cox in this laboratory(16) showed that the area of 
the hysteresis loop is temperature-dependent, increasing upon 
decreasing the temperature of the solution. If the titration 
is stopped within the hysteresis loop and the process reversed 
the loop is not retraced, but typical scanning curves are ob- 
tained, similar in principle to the scanning curves of magne- 
tization and demagnetization of hard ferromagnetic materials. 
Fig. 4 represents an RNA titration hysteresis loop obtained 
by Cox. 
Close inspection of Fig. 4 revealed that the hysteresis 
loop lies in the pH range of the titration of adenine groups; 
thus, it was of interest to find whether the hysteresis behavior 
could be reproduced by the simpler polyadenylic acids or their 
complexes. Complexes of polyadenylic acid (poly A) with poly- 
uridylic acid (poly U) were discovered some ten years ago by 
Warner(17) ; he has shown that if the pH is sufficiently high 
(>6), complexes will form even at extrememly high dilution 
of the polynucleotides. This com lex formation was further 
studied by Felsenfeld et al., 
Rich et al. (20) showed that poly A at acid pH forms double- 
helical molecules. While solutions of pure polyuridylic acid 
do not exhibit any tendency to helix formation at temperatures 
higher than 8OC, polyadenylic acid "crystallizes" to a double 
helix in the acid range and undergoes a "chemical melting" to 
random coils at more alkaline pH's. Several months ago a more 
detailed study of the phase transitions in polyadenilic acid 
solutions was carried out by Luzzati.(21) 
angle scattering of X-rays,Luzzati could show that in the pH 
range of 5.0 to 5.9 the poly A molecules are rod-like, in cor- 
respondence with the findings of fiber diagrams; at pH 5.9 a 
phase transition takes place -- the molecular radius of gyra- 
tion diminishes and the electron partial specific volume de- 
creases, indicating an increase in molecular flexibility and 
the beginning of random movement. Above pH 5.9 the essential 
helical structure is, however, retained, and only at pH 7 does a 
second phase transition takes place which leads to a total 
separation of the molecular strands and the appearance of amor- 
phous randomly kinked poly A coils. 
and by Steiner and Beers. (I9) 
On the basis of low- 
The first indication that these macromolecular phase 
transitions are accompanied by metastable forms and high acti- 
vation barriers which may lead to hysteresis phenomena was 
obtained by Warner and Breslow(22) and by Steiner and Beers. 
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It was found that upon mixing poly A with poly U at pH 6 a 
stable double helical complex is formed, which retains its 
crystalline structure upon reducing the pH until a pH of 4.6 
is reached. On the other hand, if the components are mixed 
at some intermediate pH -- say, at pH 5.5 -- no complex for- 
mation takes place. It is thus evident that between pH's 5.5 
and 4.6 the complex is metastable and may exhibit hysteretic 
behavior. That this is really the case was shown by Cox, (23) 
who obtained a full hysteresis cycle in potentiometric titra- 
tions of poly A - poly U mixtures, in which the acid binding 
was followed by the optical density of the solutions in UV at 
260 mii. A typical result is given in Fig. 5. 
It will be observed that this cycle does not resemble 
the gradual smeared-out run of the RNA titration, but is 
closer to the elementary process depicted in Fig. 3 .  The be- 
havior of the complex of poly A and poly U is therefore closer 
to that expected for a single domain of a ferromagnetic materi- 
al and may be treated as such. On the other hand, the behavior 
of the complex RNA molecules is that of a multi-domain struc- 
ture: this will be discussed in a subsequent publication (Cox 
and Katchalsky). Since the single domain properties are fairly 
well understood, we shall devote the following paragraphs to 
a thermodynamic analysis of the cycles exhibited by the simpler 
structures. 
B .  Thermodynamic Analysis 
1. Phase Chanqes 
Summarizing the data on the "melting points" of poly- 
adenylic acid and its complexes with polyuridylic acid it is 
possible, in accordance with the work of Cox, to construct a 
phase diagram in which the melting point Tm is represented as a 
function of pH (Fig. 6). The melting points are the transi- 
tion temperatures determined from, say, abrupt changes in UV 
absorption, and presumably correspond to the thermodynamic 
change from one molecular phase to another. 
The curve POQ represents the melting points of poly- 
adenylic acid. It divides the surface of the figure in 
such a manner that the area to the left of POQ is the assembly 
of temperatures and pH's at which poly A is crystalline and 
corresponds to a double helix poly (A+A), while the area to 
the right comprises the states in which polyadenylic acid is 
single-stranded, randomly coiled poly A .  The curve AOB cor- 
responds to the melting points of the complex of poly A and 
poly U, poly (A+U) . At temperatures above the curve AOB the 
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complex is dissociated into its components, while the area be- 
neath the curve is the assembly of states in which a double' 
helical complex exists. It will be observed that the inter- 
section of POQ and AOB defines an area AOQ in which both pure 
crystalline poly (A+A) and the crystalline complex poly (A+U) 
can coexist. In the case of a true thermodynamic equilibrium, 
there should be found an equilibrium curve, say OC, into which 
both branches A0 and OQ converge. Such a curve was not ob- 
served experimentally, but instead two regions of pronounced 
metastability -- the region AOC in which the metastable com- 
plex poly (A+U) survives for long periods, and the region COQ 
in which the crystalline poly (A+A) has a rather permanent 
metastable form. These long-lived metastable forms determine 
the hysteresis behavior of the mixture. This is demonstrated 
by the following considerations. 
Let us follow the titration of the solution at, say, 
25OC, represented in Fig. 6 by the straight line KLMN. Start- 
ing at pH 7 (point K), we are titrating a well-formed double 
helical complex, poly (A+U). Upon reducing the pH, the com- 
plex will not dissociate at the thermodynamic equilibrium point 
M, but will continue to exist until the melting point N is 
reached. At this point the complex is broken down and will be 
transformed instantaneously into the crystalline form of poly 
A and single-stranded poly U according to the scheme 
2 poly (A+U) 4 2 poly A + 2 poly U dpoly (A+A) + 2 poly U. 
Upon reaching pH 3,we reverse the process by successive 
additions of alkali. Here again complex formation will not 
take place at the thermodynamic equilibrium point M, but poly 
(A+A) will survive in a metastable form until the melting 
point L is reached. Only at L will single-stranded poly A 
molecules appear, which will combine avidly with the poly U 
molecules to give the double-stranded complex poly (A+U). 
Thus, in the range LN, titrating from right to left we titrate 
essentially adenylic groups in the form of a complex with 
uridyl groups while the titration NL from left to right acts 
on the crystalline poly (A+A). If complex formation changes 
the value of the acidic dissociation constant of the adenyl 
groups, the titration paths will be different, and an elemen- 
tary hysteresis cycle will be obtained. This is depicted 
schematically in Fig. 7. 
It may be noted that for the existence of the cycle 
there is no need for the existence of metastable forms of both 
poly (A+U) and poly (A+A). If only one of the double helices 
exists as a metastable form, the curve OC of Fig. 6 will 
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coinc ide  wi th  e i t h e r  A 0  ox OQ, and t h e  t i t r a t i o n  cyc le  of 
Fig .  7 w i l l  assume t h e  form of a t r i a n g l e  i n s t e a d  of a pa ra l -  
le logram. 
Upon inc reas ing  t h e  temperature ,  the  range LN decreases ,  
and when p o i n t  0 of F ig .  6 i s  reached the h y s t e r e s i s  cyc le  
sh r inks  t o  zero .  
2. Free Enerqy Chanqes 
For  f u r t h e r  a n a l y s i s ,  it i s  advantageous t o  c a s t  t h e  
d a t a  i n t o  another  form which i s  c l e a r e r  from a thermodynamic 
p o i n t  of view. W e  s h a l l  now rep resen t  t h e  behavior  of t h e  
s o l u t i o n  a s  t h e  average f r e e  energy, G ,  p e r  mole of nucleo t ide ,  
and cons ider  t h r e e  extreme cases: where a l l  t h e  polymeric 
cha ins  a r e  i n  t h e  amorphous molten s ta te ,  where a l l  t h e  adenine 
r e s idues  are i n  t h e  form of c r y s t a l l i n e  poly (A+A) ,  and where 
a l l  t h e  adenine r e s idues  are  combined with uracyl  r e s idues  a s  
complex poly  ( A + U ) .  The i so thermal  dependence of G on pH i s  
g iven  i n  F ig .  8. 
T i t r a t i n g  from p H  7 on p o i n t  K of F ig .  6 ,  t h e  system 
i s  found i n  F ig .  8 on p o i n t  K of curve 111, s i n c e  i n  t h i s  p H  
range,curve I11 i s  t h e  lowest  i n  f r e e  energy. Upon lowering 
t h e  pH, t h e  f r e e  energy inc reases  along curve 111, b u t  a t  
p o i n t  M should pass  t o  curve I1 of lower energy con ten t .  A s  
i s  ev iden t  from t h e  previous d i scuss ion ,  t h e  t r a n s i t i o n  from 
one c r y s t a l l i n e  form (poly (A+U) ) t o  another  c r y s t a l l i n e  form 
(poly  (A+A) ) is, however, prevented by an energy b a r r i e r ,  which 
can be circumvented only  by mel t ing  p r i o r  t o  t r a n s i t i o n .  
During t h e  lowering of p H  from M t o  N,the system w i l l  
t h e r e f o r e  cont inue  along t h e  metas tab le  p a r t  of I11 u n t i l  it 
m e e t s  t h e  amorphous curve I and t h e  complex undergoes a d i sso-  
c i a t i o n  i n t o  s i n g l e ,  random molecules .  H e r e  no a d d i t i o n a l  
b a r r i e r s  prevent  t h e  t r a n s i t i o n  t o  lower-energy, more s t a b l e  
form, so  t h a t  t h e  system w i l l  pa s s  i n  a jump t o  curve 11, with  
t h e  i r r e v e r s i b l e  l i b e r a t i o n  of f r e e  energy AG1. Fur the r  de- 
crease i n  p H  beyond N w i l l  c ause  t h e  system t o  follow t h e  
stable l o w  branch of curve 11. Upon revers ing  t h e  process ,  
aga in  no r e v e r s i b l e  phase t r a n s i t i o n  w i l l  t a k e  p l ace  a t  M b u t  
t h e  f r e e  energy w i l l  climb up metastably along curve I1 u n t i l  
t h e  mel t ing  p o i n t  a t  L i s  reached. 
w i l l  aga in  t a k e  place and t h e  system w i l l  r e v e r t  t o  i t s  i n i t i a l  
stable p a t h  along curve 111. 
An i r r e v e r s i b l e  jump AG2 
During t h e  i r r e v e r s i b l e  t r a n s i t i o n s  a t  L and N,the 
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Figure  6. Phase diagram f o r  poly (A+U) and poly A. 0-0 
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Figure  7 .  Schematic t i t r a t i o n  curve of a s o l u t i o n  conta in ing  
poly  A and poly  U i n  a 1:l nucleo t ide  r a t i o .  The o r d i n a t e  
g i v e s  t h e  number of moles HC1 bound by a mole of adenyl ic  
r e s idues .  [Katchalsky] 
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chemical p o t e n t i a l  of t h e  added ac id ,  denot ing t h e  change i n  
number of moles a c i d  bound a t  N by 
t i a l  of t h e  a c i d  by PI, we can w r i t e  
and the chemical poten- 
AG1 = %An1 + AGirr, 
where A G ~ ~ ~ , ~  i s  t h e  i r r e v e r s i b l e  change in  f r e e  energy. 
i l a r l y  f o r  t h e  second jump w e  get: 
Sim- 
For  t h e  c losed  cyc le  a s  a whole, the change i n  f r e e  
energy, 4 dG, equals  zero s ince  f r e e  energy i s  a func t ion  of 
s ta te  on ly .  Applying t h e s e  cons idera t ions  t o  t h e  c y c l e  de- 
p i c t e d  i n  F ig .  7 ,  we may w r i t e  
B u t  i n  any i r r e v e r s i b l e  process  A G ~ ~ ~  < 0 ,  so t h a t  f o r  
ou r  c y c l e  JpHCldnHC1 > o which determines t h e  d i r e c t i o n  of 
c y c l i c  p rocess .  Now 
$pHCidnHCi= - 4 n H C i d ~ C i  
F u r t h e r ,  if it is  assumed t h a t  t h e  t i t r a t i o n  i s  c a r r i e d  o u t  i n  
excess  c h l o r i d e  ions  so t h a t  dp = 0 w e  may w r i t e  c 1- 
dpHC1 = d%+ + dPC1- d%+ = 2.3 log %+ = - 2.3 RT d PH 
and hence 
-1 4 nHC1 d p H  = - (2.3 RT) CAGirr  > 0. 
S ince  t h e  na tu re  of t h e  jumps i s  no t  spec i f i ed ,  and w e  d i d  no t  
cons ide r  e x p l i c i t l y  t h e  number of domains undergoing i r r e v e r s -  
ib le  t r a n s i t i o n s ,  t h e  l a s t  equat ion should hold a l s o  f o r  a 
r e a l  c y c l e  of t h e  type  exh ib i t ed  by RNA and would determine i t s  
d i r e c t i o n  of change, a s  w e l l  a s  t h e  t o t a l  change i n  f r e e  energy 
accompanying a l l  t h e  t r a n s i t i o n s .  
C .  Conclusion 
For  more d e t a i l e d  a n a l y s i s  of t h e  i r r e v e r s i b l e  energy 
changes accompanying t h e  t r a n s i t i o n s  i n  the i n t e r a c t i o n  of 
po ly  A and poly u , t h e  r eade r  i s  r e f e r r e d  t o  t h e  paper of 
. 
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s u f f i c e s  t o  consider  t h e  o v e r a l l  change i n  f r e e  energy d u r i n  
a h y s t e r e s i s  c y c l e  of RNA. 
w e  f i n d  t h a t  2.303 RT,dnHCld pH f o r  RNA from E.  c o l i  i s  about 
0.18 RT,  whi le  t h e  corresponding value f o r  r a t - l i v e r  RNA i s  
0.2-0 .25  RT pe r  nuc leo t ide .  Since not  a l l  t h e  nuc leo t ides  
are involved i n  t h e  p rocess ,  t h i s  may be regarded as t h e  lower 
bound of energy change pe r  p a r t i c i p a t i n g  nuc leo t ide .  Assuming 
t h a t  t h e  sma l l e s t  number of n u c l e o t i d e s  i n  a domain i s  about  
8-10, w e  f i n d  t h a t  t h e  energy involved i n  a phase t r a n s i t i o n  
of a nuc leo t ide  i s  h ighe r  t han  2 RT,  which i s  a p l a u s i b l e  
f i g u r e  if memory recording i n  domain s t r u c t u r e s  be considered.  
The f i g u r e  i s  s u f f i c i e n t l y  high t o  make a s i g n a l  changing t h e  
domain s t r u c t u r e  d i s t i n g u i s h a b l e  from t h e  thermal n o i s e ,  b u t  
small  enough t o  be of u se  i n  t h e  low-energy t ransformat ions  
of l i v i n g  organisms. 
I n  t h e  p r e s e n t  work it 
On t h e  basis of t h e  d a t a  of  COX,^^') 
Though t h i s  d i s c u s s i o n  does no t  prove t h a t  b i o l o g i c a l  
memory i s  recorded through t h e  mechanism presented  above, no r  
does i t  s t r eng then  t h e  theo ry  t h a t  RNA i s  involved i n  t h e  
record,  t h e  p o s s i b i l i t y  t h a t  metas tab le  macromolecular s t a t e s  
of high permanence p a r t i c i p a t e  i n  memorizing should n o t  be ex- 
c luded.  I t  i s  of p a r t i c u l a r  i n t e r e s t  t o  cons ide r  a l s o  l a r g e r  
c r y s t a l l i n e  domains i n  macromolecular s t r u c t u r e s ,  such a s  
e x t r a -  o r  i n t r a c e l l u l a r  membranes which would permit  a wider 
range of information s t o r a g e .  Analysis  of two-dimensional 
h y s t e r e s i s  phenomena, based on domains i n  b i o l o g i c a l  f i l m s ,  i s  
r e l e g a t e d  t o  another  p u b l i c a t i o n .  
1. 
2 .  
3. 
4 .  
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